Spontaneous and evoked release of acetylcholine at a mammalian neuro-muscular junction by Landau, Emmanuel Manuel
SPONTANEOUS AND EVOKED RELEASE
OF ACETYLCHOLINE AT A MAMMALIAN 
NEURO-MUSCULAR JUNCTION.
by
E.M. LANDAU
Thesis submitted for the Degree of Doctor of 
Philosophy in the Australian National University.
1968
iOwing to the nature of the experimental procedure 
used, many of the experiments of this thesis were done 
in collaboration with Drs. J.I. Hubbard and S.F. Jones. 
However, the experiments of Sections 3 and- 5 (with the 
exception of Figs. 3*2 and 3»l) are my own original work.
E.
E.M. Landau
ii
As a result of the work in which I have participated
during the tenure of my scholarship at the Australian
National University, the following papers have been
published or are in the course of preparation:-
*1. Hubbard, J.I., Jones, S.F. & Landau, E.M. (1967)
The relationship between the state of nerve-terminal 
depolarization and liberation of acetylcholine.
Ann. N.Y. Acad. Sei. 144, 459-470.
*2. Hubbard, J.I., Jones, S.F. & Landau, E.M. (1968)
On the mechanism by which calcium and magnesium 
affect the spontaneous release of transmitter 
from mammalian motor nerve terminals. J. Physiol. 
194, 355-380.
3» Landau, E.M. (1967) The effect of strychnine on 
the neuro-muscular junction of the rat. Life 
Seiences 6 , 2515-2517*
*4. Hubbard, J.I., Jones, S.F. & Landau, E.M. (1968)
On the mechanism by which calcium and magnesium 
affect the release of transmitter by nerve impulses. 
J. Physiol. 196, 75-86.
*5* Hubbard, J.I., Jones, S.F. & Landau, E.M. (1968)
An examination of the effects of osmotic pressure 
changes upon transmitter release from mammalian 
motor nerve terminals. J. Physiol. 197 > 639-857*
*6. Hubbard, J.I., Jones, S.F. & Landau, E.M. (1968)
The mobilization of transmitter measured by 
electrophysiological means. Int. Cong. Physiol.
Sei. (accepted for publication).
*7• Hubbard, J.I., Jones S.F. & Landau, E.M. The
effects of temperature on transmitter release from 
a mammalian neuromuscular junction. (in preparation).
*8. Hubbard, J.I., Jones, S.F. & Landau, E.M. A
re-examination of the relationship between quantal 
store and release probability. (in preparation).
iii
*9.
io.
*
Landau, E.M. The interaction of presynaptic 
polarization with calcium and magnesium in 
modifying spontaneous transmitter release from 
mammalian motor nerve terminals. (in preparation).
Kwanbunbumphen, S. & Landau, E.M. The effects of 
osmotic pressure and presynaptic polarization 
on the morphology of mammalian motor nerve endings, 
(in preparation).
The publications marked with an asterisk contain 
results which have been included in this thesis.
iv
ACKNOWLEDGEMENTS
I wish to thank Professor John X. Hubbard and 
Professor David R. Curtis, my supervisors, for their 
assistance, advice and encouragement during the 
course of this research. I am indebted also to 
Dr. Stan. F. Jones for much fruitful discussion, and 
to Mr N. Day, Professor W. Ewens, Dr. J. Morrison,
Professor A.G. Ogston, Dr. D.D. Perrin, Dr. I.G. Sayce 
and Dr D, Vere-Jones for advising me on various aspects 
of this thesis.
The help of the members of the Department of 
Physiology, A.N.U., and in particular Mr J.S. Coombs,
Mr L.M. Davies, Mr A. Chapman, Miss I. Sheaffe,Miss Maguire 
Mrs J. Wright, Mrs C. Jacob, Mr L. Carpenter, Mr B. Maher, 
and Mr G. Daynes, was greatly appreciated. It is also 
a pleasure to acknowledge the help of Mr R. Westen and 
the staff of the Photographic Unit, John Curtin School 
Medical Research. The typing by Mrs J. Whitelock and 
Mrs. F. Swan has been much appreciated.
VTABLE OF CONTENTS
P age
ACKNOWLEDGEMENTS iv
TABLE OF FIGURES ix
GENERAL INTRODUCTION xiv
GENERAL METHODS 1
A. Tissues 1
B. Mounting of the preparation 1
C . Solutions 2
D. Drugs l4
E. Recording techniques 14
F. Stimulation 16
G. Method for nerve terminal polarization 16
H. Computation of various parameters
of release 20
SECTION 1 The effect of temperature on spontaneous
and evoked transmitter release 25
Introduction 25
Results 2 6
The effect of temperature on spontaneous 
transmitter release 26
The effects of variations in [Ca], [Mg] 
and [k ] on the temperature dependence of 
m.e.p.p. frequency 28
The effect of temperature on Ach release 
evoked by nerve impulses 33
The definition and computation of some 
parameters of the release process 34
The effect of Ca on the various release 
parameters 38
The effect of temperature changes upon 
the various release parameters 39
Metabolic inhibitors and some release 
parameters 44
Discussion 45
Page
SECTION 2 The effects of Ca arid Mg on spontaneous
and evoked transmitter release 50
vi
Introduction 50
Part 1 The effects of Ca and Mg on spontaneous
transmitter release 52
Introduction 52
Results 54
Time course 54
Amplitude 56
Ca and Mg dependence 58
Effects of EDTA and EGTA 65
Ca-dependent frequency 66
Kinetic explanation of results 68
Interaction of Ca and Mg 71
Kinetic explanation of Mg effects 75
Interaction of Ca and pH 77
Discussion 80
Part 2 The effect of Ca and Mg on the release
of transmitter by nerve impulses 86
Introduction 86
Results 86
Time course 86
Action of Ca 87
Action of Mg 90
Comparison of the effects of Ca and 
Mg upon spontaneous and evoked. Ach 
release 91
Discussion 97
SECTION 3 The effect of pre-synaptic polarization
on spontaneous transmitter release 101
Introduction 101
Results 103
The basic release-current function 103
The effect of prolonged hyperpolarizing 
currents on m.e.p.p. frequency 105
The effect of Ca on the release 
current function 110
vii
Page
The effect of Mg on the release- 
current function 112
The effect of Ca on K-induced 
depolarization of the motor nerve 
terminals 114
The effect of increased basic 
osmolarity on the relationship 
between release and depolarization 115
The effect of tetrodotoxin (TTX) 
on m.e.p.p. frequency 117
An examination of ’anodic break 
down’ 118
Discussion 122
SECTION 4 The effects of potassium ions on
transmitter release 135
Introduction 135
Results 136
The time course of the K effect 136
The effect of K on the relationship 
between Ca, Mg and spontaneous 
release l4l
An investigation of the time course 
of the interaction between Ca and K 144
The effect of Ca on e.p.p. quantal 
content in the presence of elevated
[k ] 1U5
Discussion 146
SECTION 5 The effects of osmotic pressure changes 
on spontaneous and evoked transmitter 
release
Introduction 150
Results 151
M.e.p.p. frequency 151
NaCl and Sucrose 151
Glycerol 154
Quantitative effects 154
The early effect I55
Variation of Ca and Mg 155
>
viii
Page
The effect of temperature 157
Ionic strength 158
The late effect 158
Quantal content (m) 160
Comparison of effects upon m.e.p.p.
frequency and e.p.p. quantal content 163
Discussion 168
GENERAL DISCUSSION AND CONCLUSIONS 174
REFERENCES 182
ix
TABLE OF FIGURES
Opp.
page
Fig. M.l Computed free [Ca^+ ] in EDTA buffer
systems 6
M.2 Electrotonic method of nerve terminal
polarization 17
1.1 The relationship between temperature
and m.e.p.p. frequency 26
1.2 The effect of [Ca + ] upon the
temperature dependence of m.e.p.p. 
frequency 29
1.3 The effect of [k ] upon the temperature
dependence of m.e.p.p. frequency 31
1.4 Mean quantal content, quantal size and 
m.e.p.p. frequency at different
temperature levels 33
1.5 The computer estimated release parameters
as a function of the rate of stimulation 37
1.6 The effect of increasing bathing [Ca] on
the various release parameters 38
1.7 The relationship between temperature
and the various release parameters 39
2.1 Time course of the effect of Ca upon
m.e.p.p. frequency 54
2.2 Time course of Mg action on m.e.p.p.
frequency and amplitude 55
2.3 Mg acceleration of spontaneous release
and the time course of m.e.p.p. frequency 
changes upon reduction of bathing [Ca] to 
very low levels 59
2.4 Influence of [Ca] upon m.e.p.p. frequency 67
2.5 Effect of Mg on m.e.p.p. frequency 71
2.6 Competitive inhibition of Ca by Mg 73
2.7 Evidence for two sites of Mg action 74
2.8 Time course of the effect of Ca on
e.p.p. amplitude 87
2.9 The relationship between bathing [Ca]
and mean quantal content of e.p.p.s. 89
2.10 The competition between Ca and Mg in
determining e.p.p. quantal content 90
3.1 The basic release-current function 103
3.2 The effects of polarizing currents on
some release parameters 106
XFig. 3*3 The effects of pre-synaptic polarising
currents before and after a
conditioning hyperpolarization 108
3.4 The effect of Ca on the release-current
function 110
3.5 The effect of Mg on the release-current
function 112
3.6 The effect of Mg on the release-current
function, in 15 mM-K 113
3.7 The relationship between m.e.p.p.
frequency and bathing [k ] ll4
3.8 The effect of increased bathing 
osmolarity on the release-current
function ll6
3.9 Some effects of Tetrodotoxin 118
3.10 The effect of focally applied anodic
current on m.e.p.p. frequency 121
3.11 The theoretical relationship between 
quantal release and presynaptic
polarization 125
4.1 Time course of the effect of K on
m.e.p.p. frequency 136
4.2 The effect of K on various release
parameters 139
4.3 The relationship between [Ca] [k ] and
m.e.p.p. frequency l4l
4.4 The competitive inhibition of Ca by Mg
in 15mM-K 142
4.5 The relationship between Mg, K and
m.e.p.p. frequency 143
4.6 Time course of the Ca induced
depression of m.e.p.p. frequency l44
4.7 The effect of Ca on e.p.p. quantal
content in 15mM-K 145
4.8 The effect of Ca on some release
parameters in 15mM-K l46
5.1 Time course of osmotic effect on
m.e.p.p. frequency 151
5.2 The reversibility of the osmotic
effect upon m.e.p.p. frequency 153
5.3 The reproducible effect of exposure to
hyperosmotic solutions 154
5.4 The multiplying effect of osmotic
gradients on m.e.p.p. frequency 155
5.5 Time course of osmotic effect in high
[Mg] and in low [Ca] 157
5.6 The 'late' osmotic effects on
m.e.p.p. frequency 159
xi
Fig. 5.7
5.8
5.9
D. 1
Time course of the osmotic effect on 
e.p.p. quantal content and size 
The relationship between mean m.e.p.p. 
frequency and the bathing osmolarity 
in deploarized preparations 
The effect of increased osmotic 
pressure upon m.e.p.p. frequency in 
2 0 mM-K
A diagrammatic representation of a 
postulated model for transmitter 
release
TABLES
Table M.l Overall formation constants for H + , 
Ca^+ > Mg ^ + complexes with EGTA and 
EDTA
M. 2 Concentrations of total [Ca] and [Mg 
and calculated free [Ca *] and [Mg^+ 
bathing solutions of pH 7*3 in the 
presence of EDTA and EGTA
in
2.1 Influence of pH on m.e.p.p. frequency
l6l
165
166 
176
Page
k
5
78
Abbreviations and. Symbols
The following abbreviations have been used in this 
thesis:
end-plate potential e . p . p .
miniature end-plate potential m.e.p.p.
nerve action potential n.a.p.
acetylcholine Ach
sodium Na
potassium K
calcium Ca
magnesium Mg
barium Ba
stronium Sr
hydro gen H
ions (e.g. Ca ions) Ca+ +
concentration (e.g. Ca 
concentration)
[Ca]
hour, minute, second, millisecond hr, min, sec, msec.
millimolar, millimetre, milliosmole mM, mm, m-osmole.
microampere pA
gram, milligram, microgram St Y
litre 1
m.e.p.p. frequency f
xiii
eep.p. mean quantal content m
immediately available store of n
quanta
probability of release from the p
store
resting potential R.P.
xiv
GENERAL INTRODUCTION
The process of neuromuscular transmission, beside 
having obvious clinical significance (Dahlbäck, Elmqvist, 
Johns, Radner & Thesleff, I96I; Elmqvist, Hofman,
Kugelberg & Quastel, 1964; Thesleff, 1966; Elmqvist & 
Lambert 1968) is also of great theoretical interest 
as being a classical example of a chemically transmitting 
synapse (for recent reviews see Eccles, 1964; Katz, 1968; 
Hubbard, 1967)* Furthermore, various other 
neurosecretory mechanisms show some resemblance to the 
process by which acetylcholine (ACh) is released from 
motor nerve terminals. Thus, release of vasopressin and 
oxytocin from the pituitary gland (Douglas & Poisner,
1964a; Dicker, 1966), release of noradrenaline from the 
spleen (Kirpeker & Misu, 1967; Kirpekar & Wakade, 1968), 
and catecholamine release from the adrenal medulla 
(Douglas & Rubin, 1961, 1963; Poisner & Douglas, 1966, 
Douglas, Kanno & Sampson 1967) are all accelerated by the 
depolarization of the secretory cells, an acceleration 
which, like neuromuscular transmission, requires Ca ions 
in the bathing medium and is blocked by excess Mg ions 
(del Castillo & Stark, 1952; del Castillo & Engbaek, 195 )^* 
In addition, the coupling between excitation and
XV
contraction, especially in heart muscle, shows great 
similarity to the excitation-release coupling at the 
neuro-muscular junction (Lüttgau & Niedergerke, 1958; 
Niedergerke, 1963)» It is thus likely that we are 
confronting one of the more basic physiological 
mechanisms, by which cell membrane depolarization is 
coupled to mechanical and secretory cellular functions 
in general,
Although the neuromuscular junction has been 
recognized for many years as a distinct entity 
(Bernard, 1856), and both its chemical (Dale,
Feldberg & Vogt, 1936 ; Brown, Dale & Feldberg, 1936) and 
electrical (Gopfert & Schaefer, 1938; Eccles, Katz 
& Kuffler, 19^1» 19^+2) properties described, it 
was only when the intracellular recording method (Ling 
& Gerard, 19^8) was employed (Fatt & Katz, 1950, 1951» 
I952) that a more thorough understanding could be 
obtained of the process of neuromuscular transmission.
The central discovery here was that of Fatt & Katz 
(1950, 1.952) who detected small post-synaptic potentials
of fairly uniform amplitude appearing at random intervals. 
These were termed miniature end-plate potentials 
(m.e»p „p .s), and were subsequently shown to be the basic
xv i
'quantum* of transmitter release evoked by the nerve
action potential (del Castillo & Katz, 1954b; Boyd &
Martin, 1956b). This ’q uantum’ of transmitter was
4 5estimated to contain between 10 and 10 AC h  molecules 
(Krnjevic & Miledi, 1958; Krnjevic & Mitchell, 1961; 
Elmqvist & Quastel, 1965a). Similar subthreshold 
postsynaptic activity has since been found at many 
kinds of neuromuscular junctions: in twitch fibres of
skeletal muscle from mammals (Boyd & Martin, 1956a; 
Brooks, 1956; Liley, 1956a, Elmqvist, Johns & Thesleff, 
i960), and birds (Ginsborg, i960), in slow fibres of 
frogs (Burke, 1957)» birds (Ginsborg, i960) and mammals 
(Hess & Pilar, 1963) » in mammalian smooth muscle 
(Burnstock & Holman, 1962a,b) and in invertebrate 
muscle (Dudel & Kuffler, 1961; Usherwood, 1963)» In 
addition, spontaneous miniature postsynaptic potentials 
have been recorded from autonomic ganglia (Blackman, 
Ginsborg & Ray, 1963a; Martin & Pilar, 1964) and spinal 
motoneurons (Katz & Miledi, 1963; K u n o , 1964; Hubbard, 
Stenhou.se & Eccl.es, 1967; Blankenship, 1968; Blankenship 
& Kuno, 1968), and it is thus likely that the ’quantum 
hypothesis’ , first enunciated by del Castillo and Katz 
(1954b) applies to chemical transmission and even neuro-
xvii
secretion in general. According to this hypothesis 
the end plate potential, (e.p.p.) is built up of the 
small all-or-none quanta which are identical in size 
and shape with the spontaneous occurring miniature end 
plate potentials (m.e.p.p.s). The statistical analysis 
of both e.p.p. size and m.e.p.p. frequency (Fatt &
Katz, 1952; del Castillo & Katz, 1954b; Boyd & Martin, 
1956b; Liley, 1956a,b; Martin & Pilar, 1964; Gage & 
Hubbard, .1965) suggests that both evoked and 
spontaneous release occur from a ’store’ of quanta (’n ’) 
each having a small probability of being released (’p ’). 
The evoked release can thus be regarded as an 
intensification, for a brief moment, of spontaneous 
release, caused by the nerve action potential (Liley, 
1956c; Katz, 1962, 1965). The effect of the nerve 
action potential is plausibly on ’p ’, but this has not 
been demonstrated directly. However, the quantum 
hypothesis has laboured under an obstacle because very 
few agents affect both forms of release in a parallel 
manner. Thus, for example, mechanical stretch of the 
nerve endings (Hutter & Trautvein, 1956), botulinus 
toxin (Brooks, 1956), and perhaps also conditioning
presynaptic activation (Liley, 1956b; Hubbard, 1963)
v
and alcohols (Gage, 1965; Okada, 1967)./ Modify e.p.p. s
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and m.e.p.p.s in a parallel fashion. However, other 
agents which have been examined, do not have the same 
effects upon the spontaneous and evoked release of Ach. 
These include, Ca and Mg ions (del Castillo & Stark,
1952; del Castillo & Engbaek, 195^» del Castillo & Katz, 
195^a), osmotic pressure (Furshpan, 1956; Gage & Hubbard, 
1966b) and perhaps temperature (Boyd & Martin, 1956a,b). 
Far from being a reason to abandon the ’ quantum 
hypothesis’, these discrepancies were thought to 
provide a powerful tool to investigate the manner by which 
the nerve action potential modifies the mechanism of 
transmitter release. Throughout this thesis, therefore, 
spontaneous and evoked release has been compared, and 
an attempt is made to use the differences between 
these to explain the effects of the nerve impulse on 
transmitter release.
In Section 1 the relationship is examined between 
temperature and both forms of release. Although the 
temperature dependence of spontaneous release is 
somewhat more complicated, it shows a great similarity 
to the temperature dependence of evoked release. A 
further refinement of the analysis of evoked release is 
achieved by examining the size of successive e.p.p.s 
in short tetanic trains (Elmqvist & Quastel, 1965)* In
xix
this way various release parameters are defined and 
separated on the basis of their different sensitivity to 
changes in bathing temperatures. An attempt is made 
to identify the various processes whose existence has been 
revealed through this temperature study, though a more 
extensive analysis with the aid of metabolic poisons 
will be needed to substantiate these conclusions.
In Section 2 the relationship is examined between 
Ca, Mg and both forms of release, and a kinetic model is 
developed which could explain the results in a 
quantitative manner.
In Section 3 a test is made of predictions from 
this model which concern the rate of spontaneous 
release during the passage of presynaptic polarizing 
currents. The model survives these tests, but further 
experiments will be needed before it can be accepted 
finally.
In Section 4 the relationship is examined between 
K and both forms of release. It is decided that the 
results do not warrant a specific extension of the 
model to explain the effects of K.
In Section 5 the relationship is examined between 
bathing osmolarity and both forms of release, and the 
model is extended to allow for the effects of the
XX
outward flux of water through the presynaptic membrane, 
in the manner suggested by Bass & Moore (1966, 1968).
METHODS
A. Tissues All experiments were performed in vitro, 
using the rat diaphragm phrenic nerve preparation 
(Bulbring, 19^ -6). Albino rats of the Wistar strain 
weighing 150-250g were anaesthetised with ether and 
the left hemidiaphragm and the intrathoracic part of 
the phrenic nerve were dissected free. The 
hemidiaphragm was then trimmed to an approximate 
rectangle by discarding most of the muscle posterior 
to the insertion of the anterior part of the phrenic 
nerve. In the experiments where electroitonic polarizing 
currents were applied, the last part of the dissection 
was carried out under microscopic inspection, the 
muscle being divided by a cut parallel to the fibres 
and very close (<0.5 mm) to the point of entry of
the anterior branch of the nerve.
B. Mounting of the preparation A perspex tissue 
bath consisting of two compartments separated by a 
removable partition was used. The preparation was 
mounted in one compartment by pinning, with minimal 
tension, to balsa blocks set in the floor of the 
chamber. The phrenic nerve passed through a notch
1
2in the partition to the other compartment which was 
filled with either normal bathing solution or paraffin 
(BP). The gap between the nerve and the grove in the 
partition was carefully sealed with silicone grease.
C. Solutions The bathing solution was that described 
by Gage and Hubbard (1966a). Its basic composition 
(mM) was: Na+ 162, K+ 5, Ca2+ 2, Mg2 + 1, Cl” 148,
NaH^PO/i 1, NallCO.^  2 4 and glucose 11. The [Ca] was 
varied between 0.1 and 10 mM, and j_Mg j between 0.1 and 
15 mM. When equilibrated with a mixture of 95 per 
cent 0 o + 5 per cent C0Q the solutions had a pH between 
7.1 and 7.3 . The solutions flowing over the preparation 
had a pH of between 7*3 and 7*4, presumably because 
of the loss of C0Q .
The osmotic pressure of all solutions was 
measured cryoscopically (Fiske Osmometer) and this 
proved to be a useful check on the accuracy of their 
preparation. The basic solution had a calculated 
osmotic pressure of 328.4 m-osmoles/l and the measured 
osmotic pressure varied between 321.7 and 331*3 
rn-o srno les/1.
A Ca buffer system was employed in order to achieve 
[Ca] lower than 0.1 mM (cf. Portzehl, Caldwell
3& Ruegg, 1964; Hagiwara & Nakajima, 1966). The chief 
difficulty encountered in using such systems is the 
calculation of the free [Ca] and [Mg] i-n presence
of the various organic ligands. An elegant solution 
to this problem is provided by the computer method 
introduced by Perrin & Sayce (1967)* For this 
method the possible metal and ligand species and the 
over-all formation constants for each complex species 
must be known. With this data, and the total metal 
and ligand concentrations, an iterative calculation 
on an IBM 360 computer, employing the Newton-Raphson 
method generalized for the solution of n simultaneous 
non-linear equations, estimates the concentration of 
the free metal ions and complexed species in the 
solution for a given pH.
In the present experiments [Ca] arid [Mg] were
varied in the presence of EGTA or EDTA. The
. + 2 + 2+ \ complexing species (with H , Ca , and Mg ) for
either ligand (L) are indicated in Table Ml, as are
the over-all formation constants for each of these
species, derived from the data provided by Sillen &
Martell (1964). The constants for the four major
species of EDTA (H^L, H^L , CaL MgL could be
corrected for the effect of temperature.
4+ 2+Table Ml., Over-all. formation constants for H , Ca 
and Mg2 + complexes with EGTA and EDTA (l ). Values 
are the logarithm to base 10 of the over-all formation 
constant
H+
Complex 
+ L^4 — * HL"3
EGTA
22.99
EDTA
(20°)
21.08
EDTA
(34°C)
20.64
2H+ + L"4 k2l -2 20.99 19.09 18.64
3H+ + IT4 — * h l^ “1 18.31 16.42 15.97
4h+ + L -4
3
h 4l 9.46 10.26 9.89
Ca2+ + L-4 —_5h -2CaL 11.00 10.59 10.26
Mg2 + + L"4
V-
MgL"2 5.21 8.69 8.69
Ca2+ + H+ + CaHl“1 1,4.79 13.77 13.40
Mg~ + + H+ + L~4 MgHL”1 12.83 12.54 12.17
5Table M2 « Concentrations of total [Ca] and [Mg] and
calculated free !Ca2 + j and
1---1
+C\i£iD in bathing solutions
of pH 7 • 3 in the presence of EDTA and EGTA
Sol- Ligand 
ution °C 
No. (L)
Total Total 
[Ll [Ca]
( mM ) (mM)
Total
[Mg]
(mM)
Free [Ca2+" 
(M)
] Free [Mg2 + 
(M)
1 EDTA 34 1 0.01/ 0.01* 2.32*10"10 8.6l* 10-9
2 EDTA 34 1 0.01/ 1.0 9 . 4 6 -1 0 “ 9 3 . 4o*io”3
3 EDTA 34 1 0 . 3 1 . 3 2 . 3 9 * 1 0  "”3 0.98*10”3
4 EDTA 34 10 3 . 0 6.0 2.61*10 0.98*10 “3
5 // EDTA 3 4 10 5 . 0 6.0 2.68-10-3 1.00 • 10 "3
6 EDTA 3 4 20 10.0 11.0 2.63*10”^ 0.98*10 ”3
7 EDTA 20 10 3 . 0 2 . 3 5.03-10"8 2.00•10
8 EGTA 20 10 3 . 0 0.003 5.27*10”8 2.10 • 10 "6
9 EGTA 20 10 3 . 0 1 . 3 5.80* 10 "8 i .o 4 * 10”3
10 EGTA 20 10 3 . 0
*
0 . 0 1 5 .28  • 10 "”8 6 . 7 8 * 10-6
11 EGTA 20 10 3 . 0 12 .5 1.03* 10~7 1 . 0 0 • 10”2
12 EGTA 20 1 0 . 3
*
0 . 0 1 5 .28•10”8 9 . 3 3 *1 0 -6
13 EGTA 20 1 0 . 3 12 .5 i . i 4 * i o ~ 7 1 . 2 2 * l o " 2
1 4 EGTA 20 1 0 . 0 1 / 12 .5 i . i 4 * i o ”9 1 .20  • 10 "”2
1 3 EGTA 20 1 0 . 0 1 / 1.1 5 . 8 0 ’ 10“10 1.01* 10 ~3
Expected upper limit of impurities when no Mg' 
added,
/  Expected upper limit of impurities when no 
Ca^1, added.
/ /  Concentrations calculated for a solution at 
pH 6.5.
total [ligandj
lOnsM EDTA, ImM MgC^ ImM EDTA; l.5mM MgCl2
[free C a
Fig. Ml Computed free[Ca *J in EDTA buffer systems. 
Ordinate: ratio of total [_Ca] to total i ligand j .
Abscissa: free j_Ca^ + ] in moles. Note logarithmic
scale. Figure on left: lOmM EDTA; 1 mM-MgCl^• Figure
on right: ImM EDTA; 1.5 mM-MgCl^.
6Table M2 shows the free [Ca“~+] and lLMg^+ ]
calculated on an IBM 360 computer using the constants
of Table 1 at 20°C for EDTA and EGTA and at 34°C for
EDTA, with the values for the major species corrected
for temperature. As the correction factors are not
available for the other species these values are
only an approximation but are certainly of the right
order. In the case of EGTA no information about
the variation of formation constants with temperature
r 2 4* "“}is available. I have therefore calculated free [Ca 
and [Mg + j in EGTA at 20°C only (TableM2, lower half). 
In the case of the EDTA buffer system a rise in 
temperature from 20 to 34°C roughly doubled the free 
[Ca"' j, and it was assumed that the EGTA system would 
respond similarly. In one experiment in which EGTA and 
EDTA were compared the experiment was done at room 
temperature (24°C).
Calcium ’buffer' curves were constructed from the 
computed data (Fig. Ml). In this figure the [Ca^+] 
is shown in a 10 mM EDTA solution with 1 mM-MgC10 
(Fig. Ml, left-hand curve) and a 1 mM EDTA solution 
with 1.5 mM-MgCl9 (Fig. Ml, right hand curve) for 
various ratios of total Ca and ligand concentrations.
7It will be noted that the best buffering is obtained 
when the total Ca to total ligand concentration ratio 
is 0.5» This ratio was maintained in most of the 
experiments.
A further interesting feature is the large 
shift in the curve produced by increasing the [Mg]. 
This feature was made use of in obtaining selected 
values of [Ca j. When EGTA buffers were used 
this effect of Mg upon [Ca ] was much reduced 
presumably because of the low Mg-EGTA formation 
constant (Table Ml). Hence in experiments in which 
the [Mg] was varied and the [Ca^+] kept constant 
EGTA buffer systems were used. The stock solutions 
of EGTA and EDTA were 0.02 M and titrated with 
1 N-NaOH to produce a pH of 7*3 in the final 
solution except in the case of solution 5 (Table M2) 
in which the pH was 6.5* When either of these 
ligands was added to the bathing solution appropriate 
amounts of NaCl were omitted. As sodium salts of 
these ligands were used there was no variation in the 
total concentration of this ion. It is known that 
two thirds of the chloride of this solution can be 
replaced by nitrate ions without affecting m.e.p.p. 
frequency (Gage & Quastel, 1966; Elmqvist & Feldman,
81966) and, in this investigation the much smaller 
replacement of chloride ions by EDTA or EGTA had 
no significant effect upon m.e.p.p. frequency (see 
Results).
The [Ca] of the stock solution of CaCl^ was 
occasionally determined by titration with EDTA 
(Vogel, 1961). Each time dilute solutions were 
prepared the chloride concentration of the CaCl^ 
was determined by titration with AgNO^. Atomic 
absorption spectroscopy (Perkins Elmer 303) showed 
that the stock solutions of NaCl, KC1, NaHCO^, 
NaH^PO^, EGTA and EDTA contained no detectable 
Ca or Mg, i.e. less than 1 part per million, 
while the stock solution of CaCl^ contained no 
detectable Mg and the stock MgCl^ no detectable 
Ca. The control solution and stock bottles of 
CaCl^ and MgCl0 had the expected [Ca] and [Mg],
It seems probable therefore that the total [Ca] 
and [Mg] in the bathing solutions in the absence 
of addition of these ions, given as 0.01 mM in 
Table Ml (based on the specifications of the 
manufacturer, B.D.H.), were in fact somewhat lower. 
The appropriate values for [Ca ] [Mg ] in Table M2
9are thus the upper limits of the actual bathing 
concentration of these ions in the present experiments.
No NaCl was omitted to compensate for added 
CaCl^» MgCl^ or KC1, as this procedure has been shown 
to affect the action of Ca on transmitter release 
(Gage & Quastel, 1966; Rahamimoff & Colomo, 1967)» 
Instead, in some experiments sucrose was added to 
the basic solution in amounts simulating osmotically 
the largest change produced by the addition of 
salts. Usually 0.3g sucrose was used to substitute 
for 1 m-osmole/l. The addition of salt was then 
compensated for by reducing the amount of added 
sucrose. Thus in some experiments reported in 
Section 2 the osmolarity was maintained at 
350-361 m-osmoles/l, and in some experiments of 
Section 3 osmolarity was maintained at 391-^-11 
m-osmoles/l or at 589-606 m-osmoles/l. The results 
of Section 5 indicate that the osmotic effects of 
NaCl equal those of sucrose (Fig. 5*^)» It can 
therefore be concluded that changes in ionic strength 
due to variation in total salt and sucrose would not 
influence the present results. Generally, however, 
the failure to compensate for osmotic changes did not 
produce any serious error. Thus the Ca m.e.p.p.
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kinetics with and without osmotic compensation are 
virtually identical (cf. Fig. 2.4 and 4.3)» and the 
Mg m.e.p.p. kinetics only little altered (Fig. 2.3> 
2.7). E.p.p. quantal content is affected even less 
by small osmotic changes (Furshpan, 1936; Gage & 
Hubbard, 1966b; Section 3)-
Fluids were bubbled with a gas mixture of 
93 per cent 0o and 3 per cent C0o in volumetric 
flasks suspended above the tissue bath and allowed 
to flow by gravity, at a usual rate of approximately 
3 ml/min, through a glass heat exchanger (Adam, 
Hardwick & Spencer, 1934): the outer compartment
of which was connected to a Braun Thermomix II for 
temperature regulation. With this flow rate the 
change in bathing solutions was 93 per cent complete 
at 3 mins (Gage, I963).
Preparations were usually allowed to equilibrate 
with the bathing solution at room temperature for 
30-60 mins before recording. However, for experiments 
where the concentrations of Ca01o , Mg01o and KC1 were 
modified, preparations were allowed 2 hours for 
equilibration to accommodate the long time required 
for the effects of these ions to stabilize (Gage & 
Quastel, 1966; Sections 2, 4). The bath temperature
was measured with a thermistor (Stantel F15)> the 
resistance of' which changed linearly in the range 
used. Changes in current flow across the thermistor 
were either displayed on a suitable galvanometer or 
amplified and led to an inkwriting recorded 
(Rectiriter)• In this way it was possible to keep 
a continuous record of bathing temperature.
The bathing temperature was altered by changing 
the temperature of the water circulated in the heat 
exchanger. M.e.p.p. frequency followed temperature 
changes with some delay. In one experiment where thertemperaiitre was altered in a step-wise fashion by 
changing the flow rate of the bathing solution, 
m.e.p.p. frequency started to increase after 50 seconds 
In a second similar experiment m.e.p.p. frequency 
followed the temperature changes almost instantly.
The reason for this delay is not known, but may 
reflect the existence of some heat capacity in the 
system. Usually a preparation was allowed at least 
one minute to equilibrate in any given temperature 
before starting to record from it. However, it was 
sometimes found useful to record from a junction during 
a slow temperature change (Section 1, Fig. 1.1, Fig. 1. 
In these cases the rate of temperature change never
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exceeded l°C/min. Unless stated otherwise, the 
experiments of Section 2 and 4 were performed at 
32.9-34.5°C, those of Section 3 at 32-34°C and of 
Section 5 at 33•5-34.5°C. This temperature range 
was chosen because it was the nearest temperature 
to the rat body temperature (Li, 1958), at which the 
temperature dependence of both e.p.p.s and m.e.p.p.s 
was still similar (Section l). In some experiments 
in Section 2 involving change-over of bathing 
solutions the temperature was kept at 30.5“31•5°C•
A particular method for changing the bathing 
solution was adopted in a number of experiments.
These include the examination of the effects of 
rapid changes in bathing osmolarity on m.e.p.p. 
frequency (Section 5» Figs. 5*4; 5*8) and the early 
effects of K changes on m.e.p.p. frequency, which 
largely avoided a second prolonged effect of K which 
is probably distinct from its depolarizing action 
(Gage & Quastei, 1965; Section 4). In all these 
experiments ten junctions were sampled in the control 
solution which was then removed by suction and the 
bath flooded with the test solution. Thereafter 
very rapid flow rates were maintained (5-7 ml/min). 
With this method it was found that muscle resting
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potential changes were complete within 3 mins of 
changing to KC1 concentrations of 15-30 mM. It is 
assumed that the osmotic agents used (sucrose, NaCl) 
will have a similar time-course of equilibration with 
the tissue, Accordingly, 7-20 junctions were sampled 
repeatedly from the same small area of the diaphragm 
within 3 1° 8 mins after the change-over. Each 
experiment was repeated twice and the results averaged. 
In some experiments where more extensive time courses 
were examined (Figs. 4.1; 4.6; 5*1 to 5*3 and 5*9) the 
same method for changes in bathing solution was 
employed.
For intracellular recording of synaptic potentials, 
neuromuscular transmission was partially blocked. This 
was done either by raising the MgCl0 concentration 
or by adding d-tubocurarine chloride (l - 1.5 mg/l)• 
Unless stated otherwise, tetrodotoxin in a concentration 
of 0.2 x 10 / to 10 mg/ml was added to the bathing
solutions in experiments where electrotonic 
polarizing currents or changes in the bathing 
concentration of KC1 were employed to polarize nerve 
terminals, and also in experiments where bathing 
osmolarity was changed abruptly.
1 4
D. Drugs The drugs used are listed below in the 
sequence: Name, abbreviation and manufacturer (in 
brackets).
d-tubocurarine chloride curare (Burroughs 
Wellcome)
strophanthin-G ouabain (British Dru 
Houses)
tetrodotoxin TTX (S ankyo)
ethylene diamine-N,N ,N ’,N ’- 
tetra acetic acid
EDTA (Fluka A .G. )
ethylene glycol bis 
(ß-aminoethyl ether)
EGTA (Fluka A.G. )
N,N’ tetra acetic acid 
E. Recording techniques
E.p.p.s and m.e.p.p.s were recorded with 
intracellular microelectrodes filled with _3M KC1, 
having electrical resistances of 5-20 M. The method 
of pulling and filling the microelectrodes has been 
described previously (winsbury, 1956). Microelectrodes 
were mounted on a micromanipulator (Eccles, Fatt, 
Landgren and Winsbury, 195^0 and lowered into the 
solution overlying the preparations. Tip potentials 
were neutralized with a variable ’back-off’ voltage, 
and the micro-electrode was inserted into a fibre 
close to a fine intramuscular nerve branch, located 
with a binocular dissecting microscope (Zeiss).
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This procedure resulted in the localization of an end- 
plate region in over 80 per cent of the penetrations.
Signals recorded by the microelectrode were led 
Ada a chloride-coated silver wire to the grid of a 
cathode follower, then to a capacitively coupled 
preamplifier, and after further amplification to an 
oscilloscope screen (C.R.O.), from which they could 
be photographed. The indifferent electrode in all 
experiments was a silver-silver chloride wire set in 
an agar-saline gel inside a glass tube immersed in 
the bath solution. On penetrating the muscle cell, 
resting membrane potentials recorded by the microelectrode 
were led from the pre-amplifier and after suitable DC 
amplification monitored by the deflection of a 
voltmeter and also displayed on a DC-paper recorded 
(Rectlriter).
In experiments where m.e.p.p. frequencies were 
recorded the amplified signals, were also used to 
trigger a pulse generator (Tektronix l6l). Output 
from the pulse generator were led to an electronic 
counter with printed digital output (Hewlett Packard), 
and also to the second channel of the C.R.O. The 
triggering level of the l6l could be altered,
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and a comparison of m.e.p.p.s and the pulses displayed 
on the two channels of the C.R.O. served to evaluate 
the accuracy of the counting. The output from the 
counter, summed over discreet time intervals, could 
also be recorded in analogue form on a paper recorded 
(Rectiriter) (i.e. Fig. 1.1). Details of this system 
can be seen in Fig. M,2 (cf. Andersen and Curtis, 1964).
F . Stimulation
E.p.p.s were evoked by stimulating the phrenic 
nerve through a pair of platinum electrodes immersed 
in paraffin. The stimuli were condensor discharges 
which were adjusted in strength to be supramaximal. 
Tetanic frequencies of 25 to 200/sec were normally 
use .
G . Methods for nerve terminal polarization
One method for polarization of the motor nerve 
terminals was that described by Liley (1956c), with 
some modifications. The method of dissecting and 
mounting of the preparation was as usual, except that 
care was taken to cut the diaphragm as close as 
possible to the entry of the nerve and to position 
the cut edge as close as possible to the partition 
between the two halves of the chamber. Current was 
passed between non-polarizable electrodes, one in
C RO
Fig. M2 Electrotonic method of nerve terminal 
polarization. Not to scale. The polarizing currents 
are passed between two Ag-AgCl electrodes (A,B), the 
lines of current converge upon the notch in the 
partition between the two halves of the divided chamber, 
polarizing the phrenic nerve (n ) passing through it.
The source of the current is a battery connected to a 
variable resistance through a reversible switch (c).
PB indicates the cut posterior branch of the phrenic 
nerve (N). M.e.p.p.s are recorded with a micro-electrode 
(ME) impaling a muscle fibre at a junctional region (f ) 
and are then led through a cathode follower to two 
separate amplifying systems. The output of one is 
displayed on the upper beam of the C.R.O. whereas the 
other triggers a pulse-generator (l6l), the output of 
which in turn triggers a digital counter and is also 
displayed on the lower beam of the C.R.O. The 
triggering level for the l6l is controlled by a 
potentiometer (d ).
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each half of the divided chamber, the lines of current 
flow converging upon and polarizing the nerve at the 
notch in the partition. The polarization of the nerve 
then spread electrotonically, and different nerve 
endings were affected according to their distance from 
the notch and the length constant of the nerve. A 
diagram of the circuit is shown in Fig. M2.
My method differed from that of Liley in two 
respects. Firstly, I used the anterior rather than 
the posterior part of the hemidiaphragm and, secondly,
I recorded at a distance of 1 - 0.5 mm from the notch 
instead of less than 0.2 mm as in Liley’s original 
method. This was done because I found the muscle 
fibres very near the cut edge to be discoloured and 
very difficult to penetrate with the recording micro­
electrode. On the other hand, in the anterior part of 
the hemidiphragm a small superficial nerve twig usually 
branched off the main trunk immediately after the point 
of entry. Nerve terminals were easily located along 
this branch and most recordings were done along it.
A major problem in using this method involved 
the frequent occurrence of progressive m.e.p.p. 
frequency changes. When a depolarizing current was 
switched on, the effect upon m.e.p.p. frequency was
18
fully established when the switching artefact (lasting 
about 10 msec) subsided. The early peak increase and 
subsequent depression of m.e.p.p. frequency described 
by Katz and Miledi (1967b, c) were not seen, probably 
because of the higher temperature range used in the 
present study, In many units, however, the frequency 
then continued to increase slowly over many seconds, 
and when the current was switched off - returned to a 
proportionally higher resting level. Sometimes when 
hyperpolarizing currents were passed, trends in the 
opposite direction appeared. This phenomenon which 
was not observed by Li ley (.19.56 c) or by Hubbard and 
Willis (1962b), was probably not due to K fluxes in or 
out of the muscle fibres because corresponding changes 
in m.e.p.p. amplitude were never observed, nor did 
the m.e.p.p. frequency return quickly to the control 
level in the manner reported by Hubbard and Willis 
(1968) for focal polarization. A possible explanation 
may be the accumulation or depletion of K around the 
polarized nerve 5 the phrenic endoneurium possibly 
prevents quick equilibration with bathing K 
(Krnjevic 1955)•
To minimise errors due to these progressive 
frequency changes the following procedure was adopted:
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the resting frequency was determined at the beginning 
of each series of current applications and at frequent 
intervals during the series, usually after every 
application of current. About 20 to 30 m.e.p.p.s were 
recorded at each determination, and the resting 
frequencies were compared with the initial resting 
frequency. Records taken during the passage of a 
current which was followed by a significantly altered 
resting frequency (t-test, P < 5 per cent) were 
rejected. As an alternative, m.e.p.p.s were filmed 
continuously during an application of current, and 
the progressive frequency changes subsequently plotted 
and extrapolated by eye to the instant the current was 
switched on, thus eliminating the effect of any trend 
in m.e.p.p. frequency. While an experiment was in 
progress m.e.p.p. frequency was continuously monitored 
by the counting system already described, and care 
was taken not to proceed until resting the frequency 
returned to the initial control level.
Another problem was presented by the occasional 
occurrence of ’giant' end-plate potentials whose 
frequency was shown by Liley (1957) not to vary with 
presynaptic polarization. In order to exclude these, 
transients with a rising time in excess of 3 msec were
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not counted. This was a simple criterion which did 
not necessitate extensive measurement of m.e.p.p. 
amplitudes. It had the additional virtue of 
excluding slow monophasic artefacts from the study.
In some experiments designed to examine "anodic 
breakdown" the focal method of polarization reported 
by Hubbard & Willis (1962b, 1968) was used. The full 
details of the circuit and the bridge arrangement used 
are to be found in their original papers.
H . Computation of various parameters of transmitter 
release
M.e.p.p. frequency. In experiments where average 
m.e.p.p. frequency was determined from a large 
sample of junctions (usually about 50) in more than 
one diaphragm the standard error of the mean (SE) 
was computed by considering both the variance between 
and within preparations (Scheffe, 1958). The 
computations were done on an IBM 360 computer, 
and log values of m.e.p.p. frequencies were used.
This was done because of the demonstration by 
Gage & Quastel (1966) that the distribution of 
m.e.p.p. frequencies within a diaphragm is log­
normal. In the computation of the results the values 
of the mean + SE and mean - SE were found, and the
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values of the antilogarithms of these quantities 
determined. Throughout this thesis therefore, 
values are prescribed as: mean (mean + SE, mean -
SE). Due to the logarithmic derivation, the 
bracketted quantities are not equidistant from the 
mean.
Estimates of various parameters of transmitter 
release
Variations in muscle resting potential affect the 
quantal size produced by the postsynaptic effect of 
the transmitter substance. If the resting potential 
of a muscle cell fell during the period of recording, 
the recorded e.p.p. or m.e.p.p. amplitudes were 
corrected assuming a transmitter equilibrium 
potential of -15 mV (del Castillo & Katz, 195^d; 
Takeuchi & Takeuchi, i960). Non-linear summation 
of quanta for e.p.p. amplitudes exceeding 3 mV was 
corrected by using Martin*s (1955) formula:
Vc _ veCrp-i?)
(RP-15-Vr)
where Vr and Vc are recorded and corrected e.p.p. or 
m.e.p.p. amplitudes, and RP the resting potential.
Estimation of quantal content was made by one of 
the three usual methods (Martin, 1966).
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h
m = in  ( f  )o
m = -------------  ( l + ( c v ) 2 ) (c)
VAR - VNOISE
where
m = mean quantal content
V = mean e.p.p. amplitude 
= mean m.e.p.p. amplitude
N = number of stimuli
nQ = number of stimuli which failed to 
evoke a response
VAR = variance of e.p.p. amplitude
VNOISE = variance contributed by base line ’noise*
(Edwards and Ikeda, 1962; Elmqvist and 
Quastel, 1965)
cv = Coefficient of variation of quantum size 
(Blackman, Ginsborg and Ray, 1963;
Elmqvist and Quastel, I965, 1965a)
The VNOISE was estimated by measuring the 
amplitude of base line fluctuations at a. fixed time 
after the stimulus artefact. For this purpose the 
stimulus strength was reduced below the threshold for 
phrenic nerve stimulation. In the case of rapid 
tetanic trains the fluctuations were measured from the 
base line at the end of the train, at intervals 
corresponding to the intervals between successive stimuli.
(a)
(b)
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When a train of e.p.p.s was recorded at relatively 
long intervals for quantal content determination, 
trends in their amplitudes sometimes appeared. This 
error was avoided by fitting a linear regression to 
that part of the train for which the trend was linear, 
and the variance of e.p.p. amplitudes from the 
regression and its extrapolated value at time zero 
were used as VAR and V in equation (c).
When a representative estimate of e.p.p. quantal 
content in a bathing solution of particular composition 
was required, the mean quantal content from 6-14 
junctions in one or two diaphragms was determined.
The arithmetic mean of the mean quantal content of 
all junctions in a particular solution was taken as 
the required estimate.
The tetanic release parameters n, p, dp and dm 
(see Section l), were computed as follows:
The first five e.p.p.s in a tetanic train of 40
e.p.p.s (m^ , m^....m^) were plotted each against the
sum of all previous e.p.p.s (Elmqvist & Quastel, 1965)* 
A linear regression was fitted to all the five points 
of this plot if the size of the second e.p.p. was 
less than or equal to 85 per cent of the first. 
Otherwise the regression was fitted to points 2 to 5
of this plot, The intercept of this regression on 
the abscissa was the estimate of n (expressed as mV 
or quanta). The estimate of p^, p^ and dp were 
obtained as follows:
and
All of these were dimensionless.
The average amplitude of the last 20 e.p.p.s in 
the train was dm, expressed as mV or quanta. Usually 
a regression was fitted to the last 20 e.p.p.s in the 
train and quantal size (q) computed from the variance 
and mean of the regression. The estimates of q from 
the various tetanic trains in one end plate were 
usually averaged and the mean used to convert n, m 
and dm estimates into quantal units. When a trend 
was found in the successive q estimates from a single 
junction, the regression of q on time was computed and 
the values of the regression used to convert m, n and 
q into quantal units. The various computations 
described were done on an IBM 360 computer.
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SECTION 1
The effect of temperature on spontaneous and evoked
transmitter release 
Introduction
Many investigators have found temperature to have 
a profound effect on the spontaneous release of Ach 
from motor nerve terminals in the frog (Fatt and Katz, 
1952; N. Takeuchi, 1958; Li and Gouras, 1958), and in 
various mammalian preparations (Boyd and Martin, 1956a; 
Liley, 1956a; Li, 1958; Feigen, Peterson, Hofmann, 
Genther and Ven Heyningen, 1963; Hofmann, Parsons and 
Feigen, 1966; Hubbard, Jones and Landau, 1967)* 
Furthermore, temperature affects the amount of 
transmitter released by nerve impulses (Boyd and Martin, 
1956b; Thies, 1965*, Hofmann, Parsons and Feigen, 1966). 
Temperature changes were also found to affect 
neuromuscular 'depression* and 'facilitation' (Eccles, 
Katz and Kuffler, 19^1; Thies, 19655 Hofmann, Parsons 
and Feigen, 1966) and the rate of transmitter 
'mobilization' (Hofmann, Parsons and Feigen, 1966;
A. Takepchi, 1958). However, no systematic study of 
these effects has been undertaken, and no full 
data provided for the effect of temperature
FREQUENCY FREQUENCY
r * * *
Fig. i.l The relationship between temperature and 
m.e.p.p. Frequency. The ordinates indicate m.e.p.p. 
Frequency, in A on a linear scale and in B on a 
logarithmic scale. The abscissae indicate the 
bathing temperature, in A in °C on a linear scale and 
in B in °Kelvin on a reciprocal scale. A junction was 
heated From 7 C to 39-5 C, and m.e.p.p.s recorded 
continuously. Each point represents the mean m.e.p.p. 
Frequency within a given temperature range and is 
placed in its center. Same data shown both in A and 
in B .
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on any one preparation. The dependence of transmitter
release on temperature is of some interest, as it
offers means of distinguishing between some of the
reactions participating in the release process on
the basis of their different temperature characteristics.
The work in this Section provides comprehensive
data on the temperature dependence of various release
parameters. A computer program has been developed
to derive various release parameters from the
amplitude of successive end plate potentials
(e.p.p.s) in a single tetanus, and evidence is
provided for the view (Katz & Miledi, 1968) that
neuromuscular ’facilitation’ may be an important
factor in the release of transmitter by single
nerve impulses,
Results
The effect of temperature on spontaneous transmitter 
release
The frequency of miniature end-plate potentials 
(m.e.p.p.), recorded at a single junction, was a 
complex function of bathing temperature over the 
range 7° to 39-5°C (Fig, l.l). In the range 7°-20OC 
m.e.p.p. frequency increased; in the range 20-3^°C it 
was reduced; and at 3^-39*5°^ the frequency was again
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markedly accelerated» A similar temperature dependence 
was also found in an experiment where 10 different 
junctions were sampled at any given temperature (Fig. 
1.2, closed circles). Various investigators, 
working over part of the range explored here, have 
reported similar effects in the rat (Liley, 1950a: 
Hofmann, Parsons & Feigen, 1966; Li, 1958). In frog 
neuromuscular preparations, m.e.p.p. frequency was 
found to increase with temperature in the range 8 to 
25°C (Fatt & Katz, 1952 ; N .Takenchi, 1958) . No 
negative dependence of m.e.p.p. frequency was found 
in this range, perhaps because of the difference in 
the species examined.
If the rate of spontaneous transmitter release 
was determined by a single reaction (Bass & Moore, 
1966), then a plot of the logarithm of* m.e.p.p. 
frequency against the reciprocal absolute temperature 
(Arrhenius plot) should yield a straight line, with a 
slope proportional to the activation energy of that 
reaction. An Arrhenius-type plot of the data of 
Fig. 1.1A is presented in Fig. 1.1B, and indicates 
that it is unlikely that a single reaction determines 
the rate of spontaneous release. The complex 
temperature dependence of m.e.p.p. frequency shown
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suggests that the spontaneous release process includes 
a number of steps, with at least three different 
reactions or groups of reactions dominating the 
process in the temperature ranges of 7 to 20°C, 20 to
34°C and 34-39.5°C. (Ogston, personal communication),
At this stage, these three groups of reactions cannot 
be defined any closer in thermodynamic terms (Hearon 
1950» 1932). For convenience it will be assumed that
each group of reactions is dominated mainly by one 
process. Such an assumption, though serious, cannot 
be avoided at present. The best course for further 
investigation seemed to be the examination of the 
effects produced by changes in the composition of the 
bathing solution, and by phrenic nerve stimulation.
The effects of variations in [~Caj jMgj and |k ] on the 
temperature dependence of m.e.p.p. frequency
It is known that calcium ions are active in 
ACh liberation, whether spontaneous or by nerve 
impulses, and that as the extracellular Ca 
concentration [CaJ increases, the ACh release is 
also increased (del. Castillo and Stark, 1952; 
Jenkinson, 1957» Hubbard, 1961; Mambrini and Benoit,
MEPP/SEC
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Fig. 1.2 The effect of [Ca J upon the temperature 
dependence of m.e.p.p. frequency. Each point represents 
the mean of the frequencies obtained from 10 different 
junctions at the same temperature. All points were 
obtained from the same area of the same preparation as 
the preparation was warmed from 7 C to 42 C. The data 
have been plotted in the form introduced by Arrhenius. 
The ordinate shows m.e.p.p. frequency on a logarithmic 
scale, and the abscissa the reciprocal of the absolute 
temperature (/ Kelvin). Temperature in C is indicated 
above the abscissa. Solutions containing 5» 2 and 0.2
millimoles CaCl^/liter were tested. 5 mM CaCl^: Closed
and open squares indicate points obtained from separate 
diaphragms. 2 mM CaCl„: Closed circles, all points
obtained from the one diaphragm. 0.2 mM CaCl^: Closed
and open triangles indicate points obtained from 
separate diaphragms.
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19^4; Elmqvist & Feldman, 1965a)» Analysis of the 
temperature dependence of this process might be 
expected to uncover the group of reactions in which 
calcium ions are involved, and indeed some 
simplification of the complex dependence of m.e.p.p« 
frequency upon temperature was obtained when m.e.p.p. 
frequency was examined in preparations equilibrated 
at different temperatures in 0.2, 2 and 5 niM-Ca (Fig. 
1.2 triangles, circles and squares respectively).
These curves appear to have two main parts, which 
presumably represent the effects of Ca on two 
different reaction groups controlling m.e.p.p. 
frequency: the part above 34°C, where the curves
converge and m.e.p.p. frequency becomes increasingly 
insensitive to changes in [Ca], and the part below 
34°C where the three curves remain largely parallel.
The cause of these effects is obscure. In the 
case of a single-step reaction, a parallel shift in 
the temperature dependence in an Arrhenius plot may 
indicate an increase in the concentration of the 
reactants. If an increase in [Ca] caused an increase 
in the concentrations of ’sites1 or ’ACh carriers’ in 
the release process (del Castillo & Katz, 1954c), such 
a parallel shift could be explained. Similarly, the
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increasing Ca-independence in the range above 33 0 may 
indicate transition to a Ca-insensitive form of 
release (Hubbard, Jones and Landau, 1968a, Section 2). 
but this problem will be considered late in the present 
Section,
The failure of the reduction in j Ca j To 
considerably modify the form of the curves in the 
range 7“33°C indicates that this form is probably 
not produced by variations in the terminal membrane 
potential as a result of temperature changes (Hodgkin 
and Katz, 1939? Corabeoeuf and Weidmann, .1933? Li,
1958; Dalton and Hendrix, 1962? Machne and Orozco, I.968) , 
Similarly, increased bathing Mg concentration [Mg], 
does not affect the form of the temperature dependence 
of m.e,p.p. frequency (Fig, 1,3b ).
When the bathing K concentration [k ], was 
increased to 15 mM, the effects of temperature changes 
in the range 5“,33°C on m.e.p.p. frequency were largely 
unaltered. Two preparations were equilibrated for 2 
hrs in 15 mM-K, and the m.e.p.p. frequency examined in 
each at various temperatures, using the multiple 
sampling method employed in the experiments of Fig.
1.2. In both experiments (Fig. 1»3 squares and 
triangles) the m.e.p.p. frequency was maximal at
s d d a uu )
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Fig. 1*3 The effect of [k J upon the temperature 
dependence of m.e.p.p. frequency. The results of five 
different experiments are shown. Ordinate: m.e.p.p.
frequency. Note logarithmic scale. Abscissa: the
reciprocal of the absolute temperature (/° Kelvin). 
Temperature in °C also indicated. Each point represents 
the mean of the frequencies obtained from 10 different 
junctions at the same temperature. Closed circles: 
bathing [_ K J - 5mM * Data obtained from one preparation. 
Open symbols: bathing [_ K ] - 15mM. Each set of open
symbols denotes results obtained from a separate 
diaphragm.
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about 15°C, and although the frequency was increased 
by a factor of about 25, its temperature dependence 
in the range 5*25°C closely resembled that found in 
5 mM-K (Fig. 1.3, closed circles). Two other 
experiments performed in the range 25~^0°C yielded 
more ambiguous results. In one experiment (Fig.
1.3, dotted circles) the slope of the curve was 
similar to that of Fig. 1.3 (closed circles), but 
in another (Fig. 1.3, open circles) it was greatly 
reduced.
Similarly, a reduction in the effects of K was 
found in high temperature when m.e.p.p. frequency was 
sampled from 7-12 junctions in each of two diaphragms 
at 3 to 8 mins after the [K ] was raised. This early 
period of recording was chosen to avoid a second, 
prolonged phase of K activity, which is probably 
different from its depolarizing action (Gage and Quastel, 
1965). Similar experiments were done in the range 32- 
34°c and 37-39°C. The slope of the linear regression 
of log m.e.p.p. frequency on log [K ] was calculated, 
and found to be reduced by a factor of 0.91 in the 
higher temperature range. The effect of presynaptic 
depolarization upon m.e.p.p. frequency was similarly 
reduced when bathing temperature was raised from 32-3^°C
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to 37-39°C. This was found in two experiments, the 
results of one are shown in Fig. 3*1A (Section 3)*
The potassium concentrations used in the present 
experiments are known to depolarize motor nerve 
terminals (Hubbard, Schmidt & Yokota, 1965). It 
is therefore interesting to note that the form of 
the temperature dependence of spontaneous release is 
not greatly changed by increased [K ] at temperatures 
below 34°C. This suggests that the same processes 
continue to operate even at reduced membrane 
potential levels, and could easily be explained 
by assuming that depolarization increases the 
concentration of some critical substrate (e.g. 
intracellular [Ca ])in the release process. It has 
been suggested that evoked release is a brief 
intensification of the spontaneous process, caused by 
nerve terminal depolarization (Liley, 1956c; Katz, 
1962, 1966). If conclusions drawn from steady-state 
depolarization apply to the brief perturbation 
occurring during the nerve action potential (n.a.p.) 
it could be predicted that evoked transmitter release 
should exhibit a temperature dependence similar to 
that of spontaneous release, at least in the range of 
temperatures below 3^°C . To test this prediction the
Fig. 1.4 Mean quantal content (m), quantal size (q), 
m.e.p.p. frequency (f) at different temperature levels. 
Data obtained in a single junction heated from 10 to 
38 C Bathing I Mgj was 13 m M . Ordinates indicate:
A, m in quanta. B, f in m.e.p.p.s per sec. Note 
logarithmic scale. C, mean m.e.p.g. amplitude in mV. 
Ordinate indicates temperature in C.
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relationship between e.p.p. quantal content and 
temperature was examined both in Mg blocked and in 
curarized preparations.
The effect of temperature on ACh release evoked by- 
nerve impulses
Alter deiining the three main groups of reactions
r\responsbile lor the temperature dependence of' 
spontaneous release it seemed of interest to lind 
which of' these also play a role in release evoked 
by the nerve action potential (n.a.p.).
To this end two experiments were perlormed on 
single junctions in preparations blocked by raising 
the [Mgj. End plate potential (e.p.p.) amplitude, 
mean quantal content (m), m.e.p.p. size (q) and 
Irequency (l) were examined over the range 10-38°C*
The results ol one such experiment are shown in 
Fig. 1.4. The temperature dependence ol m.e.p.p.s 
(Fig. 1.4b ) was the same as in normal [Mgj (Fig.
1.2, Filled circles). M.e.p.p. size (q) Fell as 
temperature increased (Fig. 1.4c). E.p.p. quantal 
content (m) had a prominent peak, corresponding to 
the peak in m.e.p.p. Irequency (Fig. 1.4a ) at about 
17°C, but showed no evidence lor an increase in 
temperatures above 34°C.
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Most of these phenomena have been reported 
previously. Thus e.p.p. quantal content in Mg- 
blocked preparations fell when the temperature rose 
above 22°C (Boyd & Martin, 1956b; Hofmann, Parsons 
& Feigen, 1966), as did quantal size (Boyd & Martin., 
1956a). However, the striking resemblance between 
the temperature dependence of evoked and spontaneous 
release is shown for the first time, and supports 
the suggestion that some reactions are common to both 
phenomena. This problem will be discussed further 
after presenting the data obtained in curarized 
preparations.
The definition and computation of some parameters 
of the release process.
In order to gain a deeper insight into the effects 
of temperature on the release process, it was 
considered necessary to examine not only the effect 
of temperature on quantal content but also that on 
other release parameters obtainable from the relative 
size of successive e.p.p.s in a tetanic train. The 
reduction in size of successive e.p.p.s in a tetanus 
is generally interpreted as indicating the depletion 
of a store of quanta readily available for release 
(n), a fraction of which (p) are released by any
given nerve action potential (n.a.p.) (Elmqvist & 
Quastel, 196.5 ; Martin, 1966). The general formula
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for the e.p.p.^ in a tetanus (nr) will thus be:
m . = n . p . -j1 1 1  1.1
and if p is constant and mobilization into the store 
negligible
pn (l-p) i-1 1.2
With these assumptions, if successive e.p.p.s are 
plotted against the sum of all previous e.p.p.s we 
obtain a straight line with a slope of -p and an 
intercept with the abscissa equal to n (Elmqvist & 
Quastel, 1965):
m^ = -p. S ^ + np 1.3
where:
i-2
(1-P)
j=o
for i > 1
and S1
The mobilization of transmitter into the store 
and the occurrence of changes in p during the 
tetanus (facilitation, cf. Mailart & Martin, 1968) 
will cause deviations from this linear relationship. 
However, mobilization was shown by Elmqvist & Quastel (1965) 
to be negligible during the very first e.p.p.s in a 
tetanic train, especially at high rates of stimulation.
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Accordingly, stimulation rates of 100/sec were used 
in most of the present study. Changes in p, although 
serious, will not falsify the conclusion that as m^ 
approaches zero approaches n. In this way an 
extrapolation of the first few e.p.p.s in a plot 
according to Elmqvist & Quastel to the abscissa will 
yield an estimate of n. Once this is known it is 
then possible to calculate from formula 1.1 successive 
p values corresponding to successive e.p.p.s in the 
tetanic train. The percentage increase of 
successive p values is defined as facilitation (dp).
A program for an IBM 360 computer was developed 
which computes n, p ,^ p^ , dp (generally only for the 
second e.p.p. in the train), dm (the average size of 
the * tail* of the tetanus), and q (quantal size), 
for each given tetanus. The details of this 
computation are presented in Methods.
The relationship between n and p is clearly 
defined by equation 1.1. It was important, however, 
to find out whether the estimates of n and p were 
very sensitive to changes in dm and dp. It was 
necessary to decide this before any results at 
different temperatures could be evaluated. This was 
tested by obtaining an ’average’ tetanus at four
dm
3000 n
1500
z>O
0- G) 0
j___________I
50 100 . , 200
stim/sec
Fig. 1.5 The computer estimated immediately available 
store (n), average probability of release (p), 
facilitation (dp) and level of sustained tetanic 
release (dm) as a function of the rate of phrenic 
nerve stimulation. The ordinates indicate: A,
average size of sustained tetanic release in quanta.
B, facilitation estimated as 100 x (Po”Pl)/Pi• For 
details see text. C, p calculated as m| /1 , for 
details see text. D, n in quantal units. Abscissa: 
rate of repetitive phrenic nerve stimulation. Note 
logarithmic scale. The points for various frequencies 
of stimularion were computed from an ’average tetanus’ 
comprising 20 tetanic trains obtained at separate 
junctions at the same frequency of stimulation. 
Temperature of experiment: 30°C.
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different stimulation frequencies. Each, ’average* 
tetanus was compounded of 20 tetani recorded from 
20 different cells in one or two preparations. The 
consecutive e.p.p.s in each tetanus were expressed 
as fractions of the first, and corresponding 
normalized e.p.p.s were then averaged. This 
procedure was adopted in order to avoid errors due 
to the great variability in the form of tetanic 
trains (Elmqvist & Quastel, 1965)* Fig* 1*5 shows 
the estimates of n, p ,^ dp and the average size 
of the ’tail* of the tetanus (dm) for standard 
tetani at 30°C (Fig. 1*5» D,C,B & A). In order 
to convert the dm and n estimates into quantal 
units, mean quantal size was estimated in a separate 
experiment in the same temperature, from the mean 
and variance of e.p.p.s from 10 different junctions.
It can be seen that in spite of large variations 
in the size of dm and dp which occur as the rate of 
stimulation is increased from 25/sec to 200/sec, the 
estimates of n and p^  (p) remain relatively constant. 
The present estimates of p are slightly less than the 
value found by Liley & North (1953) for the mammalian 
neuromuscular junction, and the estimates of n are 
greater than those of Thies (1965) and of Elmqvist &
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Fig. 1.6 The effect of increasing bathing [CaJ on 
the various release parameters. Bathing [CaJ was 
increased at the first vertical dotted line from 2 to 
5 mM and reduced to 2 mM at the second vertical dotted 
line. Sample tetanic trains (at 100/sec) shown in A 
were obtained in the control solution, at increased 
[CaJ and after return to the control solution. The 
ordinates indicate: B, quantal content of first
e.p.p. in the tetanic train (m). C, quantal content 
of sustained tetanic release (dm). D, facilitation 
(dp) computed as 100 x (P2-Pi)/Pi> for details see 
text. E, store of immediately available quanta of 
transmitter (n). F, average probability of release 
(p) calculated as mq/n, for details see text. 
Corresponding points in the figures B to F were 
derived from the same tetanic train. Tetani were 
elicited at 1 min intervals. The various estimates 
of quantal size (not shown) were averaged and used 
to convert m, dm and n into quantal units. For details 
see text. Abscissae: time in mins. Temperature of
experiment 23°C.
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Quastei (.1963)« The values of n may thus be over­
estimated, and the values of p under-estimated by 
the present method. Another interesting point to 
note in Fig, 1,5 is that facilitation (dp) falls 
exponentially when the time between e.p.p.s increases 
(Eccles, Katz and Ku.ff.ler, 19^1; Rahomimoff, 1968; 
Mailart and Martin, 1967» 1968). Similarly, the rate 
of transmitter mobilization (dm x stimulation 
frequency) increases exponentially when the time 
between e.p.p.s is reduced. I have no explanation 
for this phenomenon.
The effect of Ca on the various release parameters
It was found by Elmqvist and Quastel (.I965) that 
changes in [Cal were reflected mainly in p, whereas 
n and dm (at sufficiently high rates of stimulation) 
were virtually unaffected by changes in [Ca]. This 
finding (also cf. Lundberg and Quilisch 1953» Otsuka, 
Endo and Nonomura 1962) was confirmed in an experiment 
(Fig. 1.6) where tetanic trains at 100/sec were recorded 
from a single unit while [Ca] was increased from 2 to 5 
mM, and then reduced again to 2 mM. Fig. 1.6A shows 
sample tetani in each situation (temperature of 
experiment 23°C), and Fig. 1.6B to F show the various 
release parameters. It is clear that the effect of 
Ca is primarily on p (Fig. 1.6f ). However, a small
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Fig- 1-7 The relationship between temperature and the 
various release parameters. The data were obtained 
from a single junction in a preparation blocked with 
1.5 • 10-t)g/mp ( + ) -tubocurarine . The preparation was 
cooled from 38° to 12°C (open circles) and then again 
heated to 40°C (closed circles). Sample tetanic 
trains (at 100/sec) at various temperatures are shown in 
A. Ordinates indicate: B, quantal content of first 
e.p.p. in the tetanic train (m). C, immediately 
available store of quanta (n). D, average release 
probability (p). E, quantal size (q) in pV. F, 
sustained tetanic release (dm) in quantal units. G, 
dp calculated as 100 x (p2-Pl)/Pj_* For details see 
text. A regression was fitted to the various q estimates 
and its values used to convert m, n, and dm into 
quantal units.
Corresponding points in the figures B to G were 
obtained from the same tetanic train. Abscissae 
indicate temperature in °C .
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effect on n (Fig» .1 „ oE) cannot, be excluded» The 
values of dm arid dp (Fig, 1.6C,D) seem to be insensitive 
to changes in [Cal, The fact that Ca affects one 
release parameter in a very selective manner is a 
strong indication that the release parameters as defined 
at present have some functional significance. It was 
therefore of interest to ascertain how these parameters 
vary under different conditions of temperature.
The effect of temperature changes upon the various 
release parameter^
The effect of temperature on e.p,p. quantal 
content and on the other release parameters could 
be examined by recording tetanic trains of bO e.p.p. 
at 100/sec from single junctions in curarized 
preparations at various temperature levels. The 
results of one such experiment are shown in Fig. 1.7» 
Sample tetani at various temperatures are shown in 
1.7A. The various release parameters are shown in 
Fig. 1.7B to G as functions of bathing temperature. 
Surprisingly the e,p,p, size decreased at high 
temperatures, after attaining a peak at about 30°C,
In seven similar experiments this peak occurred in 
the range 20 to 30°C, and. the mean Q (q of the
4o
negative temperature dependence of e.p.p. amplitudes 
was 2.5 (range 1.4-5*5)* This effect was not due 
merely to a fall in quantal size (Boyd & Martin,
1956a,b). In four out of seven experiments the
tetanic 'tail' was large enough to permit estimation
of estimate mean quantal size (q). In each case r q * fell
slightly with increasing temperature, as shown in
Fig. 1.7 E . When e.p.p. quantal content (m) was
computed in these experiments from e.p.p. amplitude
and 1 q ’ (Fig. 1.7B), the negative temperature dependence
was only slightly reduced, and the average Q^ q was
1.8 (range 1.0-3.0). These results contrast with
the reported effect of temperature on e.p.p.
amplitude in the frog (Eccles, Katz & Kuffler, 194l;
N. Takenchi, 1958), and at the mammalian neuromuscular
junction (Boyd & Martin, 1956b), and also with the 
reported effect of temperature on mean quantal 
content (m) in mammalian preparations (Thies, 1965; 
Hofmann, Parsons & Feigen, 1966). In order to test 
the validity of the present results, m was determined 
for each of 8 units at 20°C, 34°C and 38°C. The values 
for m (i 1S.E.) were 340-34, 214^25, 178^14 respectively.
These values, supporting the results obtained from 
examining the effects of temperature changes on single
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cells, indicate that in the present preparation the 
effect of temperature on quantal content is different 
from that found in other preparations.
It is interesting to note that in the present 
experiments the relationship between quantal 
content and temperature had the same general form 
in both Mg-blocked and curarized preparations, with 
the negative temperature dependence of m appearing 
to be somewhat steeper in high [Mg] (Fig. 1.4). 
Changes in [CaJ and [Mg] would thus seem to produce 
primarily a parallel shift of the temperature 
dependence of evoked transmitter release, an effect 
similar to that observed for spontaneous ACh release. 
However, some changes in gradient of the temperature 
dependence of evoked release produced by Ca and Mg 
cannot be excluded on the present evidence.
From the form of the tetanic train other 
parameters could be computed. It appears that the 
four main parameters n, dm, p and dp have each a 
different temperature dependence. Thus n and dm 
increase with temperature (Fig. 1.7C,F), dp decreases 
with temperature (Fig. I.7G) and p has a peaked form 
(Fig. 1 .70)* All seven experiments of this nature 
showed a similar temperature dependence of p, the
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peak varying between 18 and 25°C. This agrees with 
the results of Hofmann, Parsons & Feigen (1966) who 
found the rate of the tetanic ’depletion process* to 
fall when temperature was increased from 2,4 to 37°C . 
The results obtained with the other parameters were 
more variable. The size of the maintained tetanic 
release (dm) increased with temperature in all four 
experiments where the ’tail’ was large enough to 
be measured accurately (Fig. 1.7F). The average
of this process was 3*3 (range 2.5“5*0)» However 
in two out of four experiments dm ceased to increase 
with temperatures above 33°C> and in a third 
experiment the value of dm fell slightly in this 
range. This levelling-off is probably a result of 
the rate of stimulation used in these experiments, as 
at a stimulation frequency of 200/sec, mobilization 
continues to increase with temperature up to 38°C 
(Jones, 1968). A similar increase in the sustained 
level of tetanic release with temperature was reported 
by Hofmann, Parsons and Feigen (1966). The fall in 
facilitation (dp) with increasing temperature was 
found in five out of seven experiments (Fig. 1.7^)*
In another two, no clear effect could be discerned 
of temperature on dp. These results agree with the
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findings of Eccles, Katz & Kuffler (194.1) and Thies 
(1965)« The results also varied when changes in n 
were considered. in all four experiments where q was 
known, n increased with temperature (Fig. 1.7C). In 
the other three experiments, n (expressed in mV) 
increased slightly in one, was unchanged in another 
and fell in a third as temperature was increased 
in the range 20-40°C. The immediately available 
store (n) is very sensitive to changes in quanta! 
size, and the variations found could well be due 
to a reduction in that parameter. Moreover, n 
would be expected to reflect the balance between dm 
(indicating rate of mobilization into the store), p, 
the fractional release by nerve impulses, and 
perhaps also m.e.p.p. frequency. It is not surprising 
then, that this parameter should show the greatest 
degree of variability. The results of Fig. 1.5 
indicate that the changes found in n and p were 
probably little affected by dm and dp. The effect 
of increasing the temperature was to reduce dp and 
increase dm. A similar effect occured when the rate 
of stimulation was reduced. Fig. 1>5 shows that this 
alone would cause only small changes in the estimates
of n and p.
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Metabolic inhibitors and some release parameters
A limited study was initiated of the effects of 
glucose deprivation and ouabain on p and dp with a 
certain hypothesis in mind. This will be stated 
and treated further in the Discussion. At present 
only the results will be presented. Estimates of 
p and dp were computed from * standard’ tetani obtained 
in the manner of Fig. 1.5* In the glucose 
deprivation experiments at 3 0 °C, tetani at 1 2 5 /sec 
from 1 9 cells were averaged in the test situation.
In the experiment with ouabain results from 8 cells 
(at 1 0 0 /sec) were averaged in the control solution, 
and 9 cells in the presence of ouabain at 7 to 20  
minutes after introducing the drug. The temperature 
during the experiment was 3 5 ~3 7 °C.
In a preparation deprived of glucose for 2 hrs 
p was 0.258 and dp was 10.8, as compared with 0 .I9 0 ; 
11.1 respectively in the control solution. The 
control values for this rate of stimulation are 
estimated from the data of Fig. 1,5* The increase 
in p is significant in view of the small variation 
in p estimated from ’standard’ tetani at the same 
temperature (Fig. 1.5c). Facilitation (dp) seems 
unchanged by glucose deprivation. Similarly, in
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the presence of 0.42mM ouabain p was increased from 
0.157 in the control solution to 0.243* Facilitation 
was virtually unchanged being 5*3 per cent in control 
and 4.0 per cent in ouabain.
Discussion
The survey of the release process at different 
temperatures yielded complex results, a fact which 
probably stems from the involvement of a large 
number of reactions in the process. The parameter 
of greatest interest, and of major significance for 
explaining the present results, is that of the 
average release probability (p). This parameter 
was selectively enhanced by Ca (Fig. 1.6), which 
indicates a close connection between it and the 
membrane process in which Ca and nerve terminal 
depolarization co-operate in transmitter release.
The temperature dependence of this parameter 
was complex, indicating that at least two different 
reactions or groups of reactions dominate it over 
the approximate ranges of 10-25°C and 25-40°C. The 
increase of p with temperature in the range 10-25°C 
may be due to an increase in spike height found in 
various mammalian preparations at this temperature
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range (Gasser, 1928; Chatfield, Battista, Lyman & 
Garcia, 1948; Li, 1958). However, it remains to 
be shown that nerve terminal depolarization affect 
p rather than n. The reduction of p when temperature 
increases beyond 25°C may be similarly due to a 
shortened duration of the nerve action potential 
(Gasser, 1928; Hodgkin & Katz, 1949; Katz & Miledi, 
1965d, 1967c). However, this is not likely to be 
a complete explanation, as a negative temperature 
dependence of m.e.p.p. frequency was also found in 
preparations depolarized with 15 mM-K (Fig. 1.3)*
It is therefore tempting to implicate one process 
as being responsible for the negative temperature 
dependence of p, dp and m.e.p.p. frequency. Such a 
process could be, for instance, the removal of 
active Ca from a critical membrane site. The 
extrusion of intracellular Ca could be an active, 
metabolically maintained process (van Breemen, Daniel 
& van Breemen, 1966). A similar type of active 
mechanism has been suggested by Rahamimoff (1968) 
to explain the decay of neuromuscular facilitation. 
Moreover, the rate of removal of active Ca from the 
membrane, considered to be a factor in neuromuscular 
facilitation, may also influence the amount of
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transmitter released by a single nerve impulse (Katz 
and Miledi, 1968), and even the rate of spontaneous 
release may depend on it to some extent. This 
hypothesis could be substantiated, by finding a drug 
which increases p and dp in parallel. Ouabain was 
chosen because of its effect in increasing mean 
quantal content (Gage I965) and its alleged enhancement 
of neuromuscular facilitation (Rahamimoff, 1968), 
although it was found to have no effect on 
intracellular Ca in rat uterus (van Breemen et al., 
1966). Ouabain indeed increased p, but unfortunately 
dp, examined at a 10 msec interval, was unaffected. 
Glucose deprivation had an effect similar to that of 
ouabain. These experiments lend oni.y slight support 
to the present hypothesis, although ouabain and 
glucose deprivation may eventually be found to have a 
stronger effect on the ’early’ phases of facilitation 
(Rahamimoff, 1968; Katz and Miledi, 1968),
The fact that mobilization (expressed as dm) has 
a high Q lo, may mean that it, too, depends on an active 
metabolically driven, process. However, more 
experiments with metabolic inhibitors will be needed 
to establish this point firmly.
48
Finally it is necessary to return to the 
complicated temperature dependence of* spontaneous 
release (Fig. 1.1, 1.2). The positive temperature 
dependence in the range 7-20°C may be due to changes 
in n, assuming that both e.p.p.s and m.e.p.p.s 
depend on the same store of immediately available 
quanta. Also, it may be due to an increase in p, 
if some basic process included in the p function were 
common to both the probability of release by nerve 
impulses (p) and the probability of release in the 
resting state (p1). The negative temperature 
dependence over the range 20-34°C can perhaps be 
attributed to the removal of active Ca from the 
membrane. The third phase, the steep increase 
in m.e.p.p. frequency with temperature in the range 
34-42°C, remains unexplained. It could perhaps be 
due to a selective increase in Ca-independent 
transmitter release (Fig. 1.2, cf. Section 2). 
However, such an increase would tend to produce a 
smaller initial gradient in the curve relating 
release to depolarization (Section 3> Fig» 3»^> 3«7) 
rather than a constant reduction of the exponential 
constant of this function (Section 3» Fig» 3»l)» 
Alternatively, the reduction in the Ca sensitivity
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of’ spontaneou- release occurring above 3-4°C could be 
produced by a combination of effects, e.g. an increase 
in Ca dissociation from tbe terminal membrane together 
with an increased activity of the various forms of 
release discussed in Section 2.
The lack of effect of this phase of the 
temperature dependence on evoked release could be due 
to a reduced effect of the n.a.p. on transmitter 
release in this temperature range. This could be 
attributed to changes in amplitude and time-course of 
the n.a.p., but also perhaps to a smaller exponential 
constant in the function relating release to 
depolarization (Pig. 1.3» 3*l)* The reason for this 
effect is not known.
The practical importance of this section lies in 
determining the temperature range for further 
studies on neuromuscular transmission. If an effective 
comparison of spontaneous and evoked release is to be 
attempted, it should clearly be done in temperatures 
below 34°C, where the temperature dependence of both 
m.e.p.p. frequency and e.p.p. quantal content is very 
similar and Ca, Mg and nerve terminal depolarization 
seem primarily to affect the concentration of some 
critical substrate or substrates in the release process.
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SECTION 2
The Effects of Ca and Mg on Spontaneous and Evoked 
Transmitter Release
Introduc tion
A long series of investigations has demonstrated 
that Ca ions play an essential role in the release of 
transmitter from motor nerve terminals, evoked by nerve 
impulses. Mg ions were found to play a role antagonistic 
to Ca in this process (Feng, 1936; Cowan, 1940; Coppee,
1943; Kuffler, 1944; Fatt & Katz, 1952; del Castillo & 
Stark, 1952; del Castillo & Engbaek, 1954; del Castillo & 
Katz, 1954a,b,c; Boyd and Martin, 1956b; Liley, 1956b;
Katz & Miledi, 1965c, 1967a). These ions were also 
shown to affect spontaneous transmitter release from 
motor nerve terminals (Boyd & Martin, 1956a; Hubbard, I96I; 
Mambrini & Benoit, 1964; Elmqvist & Feldman, 1965a). 
However, the sensitivity of evoked release to these ions 
seems far greater than the sensitivity of the spontaneous 
process. If we are to assume, together with Katz (1962, 
1966), that the evoked release is a brief intensification 
of the spontaneous one, then a comparison of the effects
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of' Ca and Mg in both situations may provide us with an 
insight into the mechanism by which the nerve action 
potential (n.a.p.) affects the release process.
More specifically, we can reject the hypothesis 
that Ca and Mg affect release by an action on the 
terminal membrane electrical properties. Thus Katz 
& Miledi (1965c) found Ca not to affect action po.tentials 
in motor nerve terminals in a direction consistent with 
its action on transmitter release. Again, in rat nerve 
fibres there is a small membrane depolarization in the 
absence of Ca (Schmidt & Stampfli, 1957)» which in nerve 
terminals would be expected to accelerate spontaneous 
release (del Castillo & Katz, 195^d; Liley, 1956c).
In fact spontaneous release is depressed in the absence 
of Ca (Hubbard, I96I; Elmqvist & Feldman, 1965a).
Xn the absence of any correlation between the effects 
of Ca upon membrane properties and upon transmitter 
release, several investigators have suggested that Ca acts 
by combining with some component of the nerve terminal.
Del Castillo and Katz (l95^a,c), for instance, suggested 
that Ca combined with an active molecule X, which then 
released a quantum of ACh by ’carrying* it across the 
membrane. This type of scheme has the implication that
whether the Ca ions are adsorbed, combine with receptors,
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or participate in enzymic reactions the relationship 
between calcium concentration [Ca] and activity should 
be describable by a kinetic treatment of the type 
introduced by Michaelis & Menten (1913)*
We can thus pose the problem in terms of a kinetic 
theory for the action of Ca and Mg. Can a common kinetic 
model explain both forms of release? What is the simplest 
modification in the model to account for the changes 
produced by the n.a.p.? To answer these questions 
quantitative data was obtained in Part I, relating 
spontaneous release to changes in bathing Ca concentration; 
[Ca], and Mg concentration; [Mg]. A similar study for 
evoked release was undertaken in Part 2. The results are 
discussed with the view of constructing a kinetic model 
which could account for both forms of transmitter release.
PART I
The effect of Ca and Mg on spontaneous transmitter release
Introduction
In this investigation a number of problems were 
considered worthy of special interest:
Firstly it was necessary to decide whether the 
spontaneous ACh release, measured as miniature end-plate 
potential (m.e.p.p.) frequency, was completely dependent
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on the presence of Ca. This is an important point, for 
upon it hangs the decision whether Ca accelerates an 
existing frequency (Hubbard, 196l) or is itself the 
initiating agent in spontaneous release as would be 
suspected if all spontaneous release was Ca- dependent 
(Elmqvist & Feldman, 1965a). An investigation was 
therefore begun into the effects of reducing [Ca] to 
very low levels on spontaneous ACh release from motor 
nerve terminals in rat diaphragm preparations in vitro. 
This necessitated the use of Ca buffer systems and the 
use of a new type of computer programme to estimate 
the free Ca ion concentration [Ca^+] in the buffered
solution. The range of [Ca^ ] thus explored was from
-5 -1010 J to 10 M.
A second problem to be investigated was whether 
Ca and Mg had an antagonistic effect on spontaneous 
ACh release, comparable to their competitive effects on 
evoked release (Jenkinson, 1957)*
Thirdly, a kinetic interaction of Ca with a limited 
number of receptor sites in the nerve terminal membrane 
would produce a saturation effect, the increase in [Ca] 
beyond a certain level having no further effect on
Frequency
Fig. 2.1 Time course of the effect of Ca upon 
m.e.p.p. frequency. Ordinate represents m.e.p.p. 
frequency and abscissa time in min. All the results 
are obtained at the same junction. At the first 
dashed vertical line bathing [CaJ was increased from 
2 to 8 m M . At the second dashed vertical line it was 
reduced again to 2 m M .
54
spontaneous release. A special effort was therefore 
made to extend the observations as far as possible in 
the higher ranges of [Ca].
Finally a kinetic model incorporating all the results 
was developed, a novel feature of which being an 
accelerating effect of Mg on spontaneous release. It is 
suggested that this could explain the difference between 
the actions of Mg on spontaneous and evoked release, a 
fact which has been a stumbling block for the acceptance 
of the view (Katz, 1962, 1966) that release of transmitter
by nerve impulses is merely a transient acceleration of 
the spontaneous release.
Results
Time Course The time course of the effect of changes 
in bathing [Ca ] in the present investigation was found 
to be slightly longer than that reported by Hubbard 
(1961) and by Mambrini & Benoit (1964). For instance, 
(Fig. 2.1), the m.e.p.p. frequency at a single junction 
rose within 20 mins from about 1/sec to 6/sec when the 
bathing [Ca ] was increased from 2 to 8mM. Upon the 
reduction of [Ca ] back to 2mM, the m.e.p.p. frequency fell 
with a similar time course. Similar results were also 
obtained in 2 experiments where [Ca ] was either increased
M e  p p  
A m p litud e  
100
Mg 6 mM
Frequency 
6.5 '
Fig. 2.2 Time course of Mg action upon m.e.p.p. 
amplitude (a ) and frequency (b ) measured simultaneously 
at the same junction. In A the closed circles represent 
the mean amplitude of at least 50 m.e.p.p.s and are 
placed in the centre of the time interval (horizontal 
line) during which they were measured. In B the open 
circles represent mean m.e.p.p. frequency and are 
similarly placed in the centre of the time interval 
(horizontal line) over which they were measured. At 
the time indicated by the vertical dashed line the [_MgJ 
was changed from 1 to 6 m-moles/l.
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to 5mM or reduced to 0.1 mM and the m.e.p.p. frequency- 
followed by rapid sampling at many endplates in the 
preparation, the time for complete stabilization of 
m.e.p.p. frequency being 15-30 min.
The slightly longer time course of the Ca effect 
in the present investigation may be due to slower flow 
rates (ca. 3ml/min) employed, an exchange of the bathing 
solution requiring 3-^ + mins for completion (Gage, 1965). 
Gage & Quastel (1966a), using the same method of fluid 
exchange, also obtained a similar time course for the 
effect of Ca on m.e.p.p. frequency in the presence of 
elevated bathing K concentration; [K ].
The smaller changes in frequency following a change 
in [Mg] reached completion rather more quickly than 
the frequency changes provoked by changes in [Ca ]. As 
Fig.2 .2B shows, 4-6 min were sufficient to establish 
the new frequency after increasing the [Mg] from 1 to 
6mM. The accelerating action of Mg (see later) was also 
rapid in onset. Similar results on the same preparation 
were reported by Hubbard (1961).
When the [Ca] is reduced to levels below 0 .1mM 
it has been reported that the frequency falls in two 
phases - an initial rapid phase of some 20 min and a 
later slow phase taking hours for completion (Elmqvist &
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Feldman, 1965a). This second phase was not detected by 
Hubbard (1961), and could not be Found in separate 
experiments in which the [Ca ] was reduced to 2x10 m
(Methods, Table 2., solution 3)» 10 (M (Methods, Table 1,
—  8solution 9 corrected for temperature) and 10 M (Methods,
Table solution 2) and the m.e.p.p. frequency observed
over a 6-8 hr period. For instance, Fig. 2.3 (filled
circles) shows the frequency changes which accompany
a reduction of the bathing [Ca ] from 2mM to 10 'M
and from 2mM to 10 M (Fig. 2.3» open squares). It
will be noticed that in each case the frequency change
was complete within 30 min, and the frequency was
thereafter maintained for 6-8 hr. Similarly, no sign
of a second phase of frequency change was found in experiments
duplicating exactly (except for the different strain of
rat) the experiments of Elmqvist & Feldman (1963a).
It must be concluded that frequency measurements 
made 2 hr afte changeover, as was done in the present 
investigation, would accurately reflect the relationship 
between [CaJ and m.e.p.p. frequency over the range of 
[Ca] from 10 ^ to 10 ~M .
Amplitude In ten experiments, the amplitude changes 
produced by changing the [Ca] from 2 to 5mM or from 
2 to 0.1mM were small (less than 10 per cent) and
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inconsistent. No firm conclusion could be drawn as to 
their direction or time course. Lowering the [Ca] over
-9the range from 2mM to 10 M also did not greatly alter 
m.e.p p. amplitude. The sample records in Fig. 2.3A 
show m.e.p.p.s recorded after the preparation had been 
1 hr in a solution containing 10 M-Ca and 1.3 mM-Mg.
In Fig. 2.3B and C the m.e.p.p.s were recorded after
_ n6 hr in solutions containing 10 M-Ca and 1 mM-Mg (B)
-8 - 5or (c) 10 M-Ca and 10 M-Mg (osmotic pressure 201
m-osmoles/1). It will be noted that the m.e.p.p.s can 
be clearly and unambiguously counted from the filmed 
records.
Variation of the bathing [Mg] produced more marked 
changes in m.e.p.p. amplitudes, an increase from 1 mM- 
MgC1^ to 6 mM-MgCI^ producing a 25 per cent fall in 
m.e.p.p. amplitude (Fig. 2.2A) which in three experiments 
was complete within 4-6 min, i.e. in little more than 
the change-over time of the bath. Further increases in 
the bathing [Mg] produced larger reductions in amplitude 
but m.e.p.p.s were still clearly detectable (e.g. Fig. 2.3A).
o ZTReduction of the bathing [Mg] from 10~ to 10 M 
appeared to increase m.e.p.p. amplitudes, although no 
systematic measurements were made. In solutions with 
no added Ca or Mg (Methods, Table X, solution 1), m.e.p.p.
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amplitudes were reduced, presumably due to the low muscle 
membrane potentials in such solutions.
Ca and Mg dependence The conclusion of' the first 
investigation of the relationship between [Ca ] and m.e.p.p. 
frequency was that there was a fraction of the spontaneous 
release of transmitter which was unaffected by wide 
variations in [Caj or [Mg] (Hubbard, 1961). The 
existence of such a fraction was denied by Elmqvist &
Feldman (1965a) who found that after 6 hr in a solution 
without added Ca, but containing 1 mM EDTA (Methods, Table X 
solution 2 , estimated [Mg], 10 ^M) , m.e.p.p.s occurred
at very low frequencies (0.1/sec) at only a small 
percentage of junctions. At silent junctions, m.e.p.p.s 
were again detected after exposure of the preparation
~5to 10 M-Ca. I have repeated this experiment, but found 
that after 8 hr m.e.p.p.s were recorded at a mean 
frequency of 0.67/sec (3*51; 0.14) from 90 per cent of
the fibres penetrated, which is the normal percentage 
in 2 mM-Ca. Furthermore, in mhy hands, preparations 
exposed for 6 hr to solutions with no added Ca and no 
EDTA but 1 mM-MgCI^ also gave a mean frequency of 0.67/sec 
(0.72, O.63). The low [Ca] solutions in the present 
investigation (e.g. Methods, Table X» solution 2) 
differed from those of Elmqvist & Feldman (1965a) in
A CB
Frequency
Fig. 2.3 Mg acceleration oF spontaneous release and 
the time course of m.e.p.p. frequency changes upon 
reduction of the bathing }CaJ to very low levels.
A,B,C, show sample records of m.e.p.p.s, (a ) 1-^hr after
soaking in a solution containing 12-5 mM-Mg and 10~7M-Ca, 
(ß) 6hr after soaking in a solution with 1 mM-Mg and 
10 „M-Ca and ^C) 6hr after soaking in a solution with 
10-^M-Mg, 10“^M-Ca and a reduced NaCl content so that
the osmotic pressure was 201m-osmoles. In D the full 
time course of the experiments is shown. The control 
solution in each case had 1 mM-Mg, 2mM-Ca and an osmotic 
pressure of 358 m-osmoles (A,B) or 201 m-osmoles (c).
At the time 0, marked by the dashed vertical line, 
solutions were changed to the solution mentioned in A 
(open circles) or that mentioned in (ß) (filled circles) 
or that mentioned in C (open squares). Points indicate 
geometric mean frequencies and the bars indicate the 
time interval over which the frequencies at individual 
junctions were averaged. Note the logarithmic frequency 
scale (ordinate) and the change of scale (broken line)
of the abscissa at '}h.r.
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two particulars. The bicarbonate concentration in the 
present study was 24 mM (theirs was 12 mM), and sucrose 
was added to bring the total osmotic pressure to 358 
m-osmoles/1. When the sucrose was omitted from 
solution 2 (see Methods Table X) the mean frequency after 
6 hr fell to 0.486/sec (2.530, 0.09) (osmotic pressure 
328 m-osmoles/l) and when in addition the bicarbonate 
concentration was reduced to 12 mM the mean frequency 
was 0 .1 9 3 /sec (0 .5 8 9 » 0.064) (osmotic pressure 3 0 0  
m-osmoles/l and pH 6.8) which is of the order reported 
by Elmqvist & Feldman (1 9 6 5 )» Despite the low frequency 
it must be emphasized that the percentage of successful 
penetrations was 88 per cent and there was never any 
difficulty in finding or recording m.e.p.p.s.
The lowest mean frequency to be recorded was found 
in a solution with an osmotic pressure of 201 m-osmoles/l. 
As Fig. 2.3 (open squares) shows,the mean m.e.p.p. 
frequency fell from 0.98l/sec (2.437, 0.395) in the 
control solution (Ca, 2 mM, osmotic pressure 201 
m-osmoles/l) to 0 .0 9 l/sec (0 .1 5 6 , 0 .0 5 3 ) within 3 0 min 
of changing to a solution with 10 M-Ca and 10 ^ M-Mg, 
and sampling showed this frequency was maintained 
thereafter for 8 hr. Although there was no difficulty 
in recording m.e.p.p.s in the present experiment this
6o
result suggests that the difference between the results of 
Elmqvist & Feldman (1965a) and those of the present 
investigation could be in the greater sensitivity to osmotic 
pressure of my preparation.
The possibility remained that the Ca-independent 
frequency was maintained by the presence of Mg, although 
the apparently unchanged frequency when the [Mg] was
-5 -3increased from 10 to 10 M indicated that this 
possibility was unlikely. The frequency was therefore 
examined in solutions with no added Ca or Mg in the 
presence of 1 mM EDTA (Methods, solution 1). An unexpected 
result was that in the absence of Mg, the preparation 
showed signs of gross deterioration. Membrane potentials 
after 4-6 hr averaged 20-30 mV, and it was difficult at 
this time to penetrate muscle fibres with micro-electrodes.
I have no explanation for this finding.
Amplitude historgrams of m.e.p.p.s recorded from 
preparations after 4-6 hr exposure to solutions with no 
added Mg or Ca showed that the mean amplitude was greatly 
reduced in parallel with the fall in membrane potential.
The distribution of amplitudes was skewed to the left, 
that is, some fraction of the m.e.p.p.s was obscured by 
the base line noise. It could be concluded, however, that 
there was no fall in frequency for the mean frequency at
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nine junctions after 6 hr was 0.74/sec (3*77» 0.14), 
despite the abnormal amplitude histograms. This was 
not significantly different from the frequency found 
when Ca alone was omitted (0.6 7 /sec, 3*15» 0.14). The 
present results have also been confirmed by Milediand 
Thies (1 9 6 7 ) who found a similar effect of EGTA on 
spontaneous release from frog motor nerve terminals.
Having established the existence of a Ca and Mg 
independent fraction of m.e.p.p. frequency,the question 
arose as to the threshold concentrations for Ca and Mg 
action. In a series of experiments in which the osmotic 
pressure was kept at 358 m-osmoles/l it was found that
the frequency in 10 M-Ca and 10 M-Mg was 0.674/sec
—7(3*15> 0.l4),and that the mean frequencies in 10 M,
-5and 10 M-Ca with 1 mM-Mg were not significantly 
different. They were 0 .6 5/sec (0 .7 6 , O.5 1 ) and 
0 .6 7/sec (0 .7 3 , 0.6). It could be concluded that the 
frequency was not affected by reducing the [Ca] below 
10 J M or the [Mg] below 10 ^ M. These findings indicate 
that the threshold of the Ca effect upon spontaneous
—5release is above 10 M-Ca,and may explain the hitherto
puzzling report of Elmqvist & Feldman (1 9 6 5 a) that
spontaneous release was stopped in solutions with
10 M-Ca, and re-started only by solutions containing
-5 -4between 10 ' and 10 M-Ca.
6 2
At this point in the investigation two possibilities 
appeared. The spontaneous release which was unaffected 
by the [Ca] below 10 'fo could be a system completely 
independent of Ca. Alternatively it could represent 
the activity of a system which was accelerated in the 
presence of Ca, this acceleration being only detectable 
in [Ca] above 10 J M. The latter explanation would be 
supported if it could be shown that other methods of 
influencing frequency were effective in the absence of 
Ca but yet were affected by Ca. One possible means of 
doing this was to increase the bathing[Mg]. The present 
experiments had excluded an effect of [Mg] of 1 mM or 
less upon frequency in the absence of Ca, but it 
appeared possible that higher Mg concentrations might 
be effective. Two groups of experiments were performed.
In the first group of experiments the [Ca] of the 
bathing solution was held at a low level with an EGTA 
buffer and the [Mg] was varied. Osmotic pressures 
were maintained at 358 m-osmoles/l by appropriate 
sucrose addition. With a 1 mM EGTA buffer and no added 
Mg the [Ca] was estimated to be 10 ^ M (Methods, Table X 
solution 12, corrected for temperature), and the mean 
frequency was 0.88/sec (2.56, 0.3)* Upon changing to 
a solution containing 1 mM-EGTA buffer and 12.5 mM-Mg
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(Methods, Table X, solution 13), the [Ca] remained 
almost the same but the mean frequency rose to 1.75/sec 
(4.94, 0.62) within 20 min. The experiment was repeated 
with 10 mM EGTA (Methods, Table 2, solutions 10 and 11) 
and the resultant mean frequencies were 0.7/sec (1.34, 
O.36) before addition of Mg and 1.69/sec (3*62, 0.79) 
afterward. In both experiments the increase in 
frequency was not statistically significant because 
of the large scatter of the individual frequencies.
It was, however, possible to follow the acceleration 
of frequency at individual junctions so that its 
reality may be assumed.
These experiments indicated that Mg could 
accelerate m.e.p.p. frequency in the presence of a 
low [Ca]. A second group of experiments was then 
designed to demonstrate this action conclusively 
and to exclude an alternative explanation. This 
alternative explanation was that Mg might make Ca 
available, e.g. a caffeine-like action (Elmqvist & 
Feldman, 1963a). Mg would then be expected to liberate 
Ca from tissue stores, and after a transient 
acceleration of frequency the Ca would be removed by 
the buffer and the frequency would fall as in Fig. 2.3 
(closed circles), but more rapidly. Alternatively,
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if Mg had a specific excitant action the frequency 
would be set at a level determined by the [Mg].
It was found that when the bathing solution was 
changed (Fig. 2.3» dashed vertical line) from the 
control solution (Mg 1 mM, Ca 2 mM) to a solution 
with no added Ca (estimated [Ca] 10 Methods,
Table 1, solution 14) and 12.5 mM-Mg, the frequency fell 
transiently (Fig. 2.3» open circles), and then rose to, 
and was maintained at, the control level. After about 
3 hr a slow decline in frequency began, but m.e.p.p.s 
were recorded at normal frequencies for up to 6 hr 
after the change of solutions. The observations 
suggested that as the [Mg] rose in the bath from 1 
to 12.5 mM, the frequency first fell, then accelerated, 
and was then maintained at levels within the normal 
range for a period longer than would suffice, in the 
presence of 1 mM-Mg and 10 ' M-Ca (Fig. 2.3» closed 
circles), to reduce m.e.p.p. frequency to very low 
levels.
The most likely conclusion was then that Mg can 
excite spontaneous release of transmitter in the absence 
of Ca. As it is known (Hubbard, I96I, and later this 
Section) that Ca and Mg interact in their effects upon 
m.e.p.p. frequency, the most parsimonious explanation
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of their action appeared to be that both activated the 
same system and thereby modulated spontaneous release. 
This release of course could continue at a low rate 
in the absence of these ions.
Effects of EDTA and EGTA The present results in [fa] 
below 10 M cannot be ascribed to the use of EDTA.
This possibility was tested by recording m.e.p.p.s in 
solutions with a [Ca 1 of approximately 2.5 x 10  ^M 
produced by using 1, 10 or 20 rnM EDTA in the bathing
solution (Methods, Table 1 solutions 3» 4, 6). The
mean frequency in the presence of 10 mM EDTA was 
0.6l/sec (0 .7I» 0.53)’ This frequency was not 
significantly different from either the mean frequency 
of 0.77/sec (0.90, O.65) found in the presence of 1 mM 
EDTA, or the mean frequency of 0.65/sec (0 .78» 0.54) 
found in the presence of 20 mM EDTA. The similarity
of the frequencies recorded in 1, 10 and 20 mM EDTA
\indicated that this substance does not affect m.e.p.p. 
frequency itself, except through its buffering action, 
and that replacement of chloride ions by EDTA was 
without effect on m.e.p.p. frequency. It may also be 
concluded that it is ionic Ca which affects frequency, 
for the total [Ca] of these solutions differed markedly
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(Methods, Table X cf solutions 3» 4, 6) while their 
[Ca‘'+ ] was almost the same.
Again, the present results cannot be ascribed to 
the use of EGTA rather then EDTA. When solutions were 
prepared with a similar [Ca ] achieved in one case 
(Methods, Table X, solution 7) with a 10 mM EDTA 
buffer and in the other, with a 10 mM EGTA buffer 
(Methods, Table X, solution 8), experiments at 24°C 
show no significant difference in mean frequencies 
(frequency in 10 mM EDTA 0.50,/sec (0.62, 0.40) and 
in 10 mM EGTA, 0.6l/sec (0.68, 0.55)).
A further possibility, that EDTA or EGTA reduced 
m.e.p.p. amplitudes and thus made counting of m.e.p.p.s 
unreliable, was refuted by the lack of variation of 
frequency when the EDTA concentration was varied, and 
by the large and constant amplitude of the m.e.p.p.s 
recorded after 6-8 hr exposure to EDTA or EGTA (Fig.
2.3A,B EGTA, C , EDTA).
Ca-dependent frequency It was found that the m.e.p.p.
frequency increased as the bathing [Ca] was raised from
_2| „2 —210 to 10 ~ M. Further increases (to 3*10 M) were
without further effect upon the frequency. Figure 2.4
shows the mean frequency - 1 S.E. found after 2 hr
r I -2 -4soaking in solutions with [Ca] from 10 to 10 M, the
Frequency
H
Fig. 2.4 Influence of [Ca] upon m.e.p.p. frequency.
The osmotic pressure of all the solutions was corrected 
to approximately the same value by the addition of 
sucrose. The points show the relationship between 
[CaJ and m.e.p.p. frequency on linear scales. The bars 
on the points indicate - S.E. of the mean frequencies. 
The curve is a fitted curve indicating the theoretical 
relationship between [CaJ and m.e.p.p. frequency 
expected from equation 2-7 (with n=l). The horizontal 
line indicates the mean frequency in the presence of 
10 “ ;M-Ca and the dotted lines above and below this 
line indicate - 1 S.E. of this mean value.
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range in which increasing j_Ca ] increased m , e äp,p.
frequency. In these experiments the osmotic pressure
was maintained at 358 m-osmoles/1 and the 1 MgJ was 
-310 M. Similar results were obtained from preparations 
bathed in solutions in which the osmotic pressure 
varied with the amount of added CaCl^ (Hubbard et al. 
1967a ) . and from the frog neuromuscular junction by 
Mainbrini & Benoit (1964).
In further experiments it was possible to show 
that the effect of Ca was not significantly increased 
by raising the bathing [Caj above 10 m M . In these 
experiments the bicarbonate concentration of the solution 
was reduced to avoid precipitating Ca. The resultant 
pH was 6.0, at which level the bathing Ca should be 
99 per cent ionized in comparison to the 70 per cent 
ionization expected at pH 7*3 (Garrels & Thompson,
1962). The effect of raising the [Ca ] was examined 
by first recording m.e.p.p.s in the presence of 
10 mM-Ca, and then recording again after changing to 
a solution with 20 or 30 mM-Ca, No significant increase 
in frequency occurred within 30 min of exposing the 
preparations to the higher ICaJ, The mean frequency 
found in four diaphragms in 10 mM-Ca at pH 6 was 
4.94/sec (5 .7 6 , 4,24), which was not significantly
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different from the frequency in the same [Ca] at pH 
7.3 This was 5»lL/sec (6.38, 4.86). Owing to the 
increased ionization of Ca at pH 6.0, it may be 
computed that 1 0 , 20 and 30 mM-Ca at this pH correspond
to 14, 28 and 42 rnM-Ca at pH 7*3» It seems fair to 
conclude that the effect of Ca upon m.e.p.p. frequency 
at pH 7.3 (Fig. 2.4) would not be significantly 
increased by increasing the (Ca) from 10 to 42 mM. 
Kinetic explanation of results The present 
investigations indicate the existence of spontaneous 
transmitter release in the absence of Ca, and a [CaJ 
range in which Ca influences the release rate, but 
beyond which further increases in [Ca] have little 
effect on release rate.
These findings suggest that there may be a series 
of receptor molecules, ’X ’, active in generating quantal 
release, whose activity is modified by combination with 
molecules of Ca. In the absence of Ca there would thus 
be a spontaneous activity due to X. Increasing [Ca] 
would modify frequency due to formation of complexes 
with X, until finally saturation of the Ca-receptor 
sites occurred, so that further increases in [Ca] would
be without further effect.
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For such a system, i.e. 
Ca Ca
(2A)
CaX
v
k
•4/
k1
Ca2X
s/
k.
release release release
rate equations may be readily formulated, if it is 
assumed that (i) X^, the total receptor concentration 
(Ca bound and unbound), remains constant, and (ii) 
that the [Ca2+] is not significantly altered by the 
binding of Ca‘'+ by X, and (iii) that the rate of 
equilibration of Ca and CaX species is rapid compared 
with the utilization of the X and CaX species in the 
process of transmitter release.
With these assumptions
Ca X
n
release
X + CaX + Ca2X + Ca X n
and
(2.1)
(2.2)
2 4*where V is the frequency when [Ca^ ] is saturating. 
But
CaX Ca. X 
K! ’ Ca2X
CaX.Ca Ca2.X
K1K2
Ca X n
Can .X
K, . . .K 1 n
(2.3)
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Fro m  2.1, 2.2, 2.3 
V 1
/ Ca Ca'(1 + jT“ + ir^ Tf + K 1 K1K2
Ca
K-, . . . K 1 n
Now frequency, F
= k X+k-, CaX + . .. + k Ca X. o 1 n n
From 2.3» 2.5
X(k + k, ~  v o 1 + k
Ca
n K- . . .K 1 n
From 2.4, 2.6
(2.4)
(2.5)
(2.6)
(k o+kl ~ ^ +k2
K 1K 2
Ca x. + k — — — )
"k ,...K 1 n
(2.7)
( , Ca Ca V 1 + + K  KK 1 K 1K2
Ca \
‘ * + K, 9 . .K ' 1 n
A simple scheme with n = 1; k^ = 12.4kQ
K-, = 0.72*10"2M and V = 8 . 2  sec“1 will give a 1 m 0
satisfactory fit to the present results (see Fig. 2.4). 
However, it can be shown (Hubbard, Jones, Landau 1968a), 
by calculating the value of the sum of the squares of 
the deviation of the experimental results from various 
fitted equations, that the fit can be improved assuming 
n = 2, thus suggesting that Ca action may involve two 
or more receptor sites on X.
»
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Fig. 2.5 Effect of Mg on m.e.p.p. frequency. In A 
the circles indicate mean frequency of m.e.p.p.s as a 
function of [Mg]. The bars indicate - 1 S.E. of the 
mean and both ordinate and abscissal scales are 
linear. All solutions were brought to approximately 
the same osmotic pressure by the addition of sucrose.
In B the same data is replotted with frequency (ordinate) 
on a reciprocal scale as a function of [MgJ (abscissa).
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Further evidence for scheme 2A was obtained in two 
situations. These were (i) the interaction of Ca and 
Mg upon m.e.p.p. frequency and (ii) the effect of pH 
changes upon m.e.p.p. frequency.
Interaction of Ca and Mg The present experiments in 
low [Ca] (e.g. Fig. 2.3> open circles) indicated that 
in high concentrations Mg could accelerate m.e.p.p. 
frequency. There is other evidence that in higher Ca 
concentrations raising the [Mg] reduces m.e.p.p. 
frequency, and it has been suggested that this action 
is the result of a competition between Mg and Ca for 
some active site in m.e.p.p. generation. Strangely, 
in these experiments concentrations above 3 mM-Mg 
appeared to have little further effect upon m.e.p.p. 
frequency (Hubbard, I.96I), although it is in this 
higher range that Mg reduces the quanta! content of 
e.p.p.s (del Castillo & Katz, 195^+1)5 Boyd & Martin, 
1956b; Hubbard et al. 1968b).
The results of the present investigation are 
summarized in Fig. 2.5A. The points of this figure 
indicate the mean frequencies (i 1 S.E.) found in the 
presence of 2 mM-Ca and of 0.1, 1, 3> 6, 9 and. 12.5 
mM-Mg. There was a small but consistent reduction of 
m.e.p.p. frequency as the [Mg] was raised from 0.1 to
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6 mM, and tlie frequency increased again as the [Mg I 
increased, the difference between the mean frequencies 
found in 6 and 12.5 mM-Mg being significant at the one 
per cent level (t test). Similar results were obtained 
in experiments in which the osmotic pressure of all 
solutions was maintained in the same range by addition 
of sucrose (Fig. 2.5-A, B), and in experiments in which 
the variations in [CaJ and [Mg] were uncompensated 
(Fig. 2.7A, B).
The increased frequency in the presence of .12,5 
mM-Mg was confirmed in separate experiments in which 
preparations were exposed to solutions containing 
1 mM-Mg and 2 mM-Ca and then to solutions containing 
12.5 mM-Mg and 2 mM-Ca. Experiments with continuous 
recording at the same junction, and also experiments in 
which frequencies were meaned from 11-15 junctions, 
confirmed that upon change-over there was an acceleration. 
The osmotic pressure of the solutions was held at 358 
m-osmoles/l throughout these experiments so that the 
acceleration must be ascribed to the raising of the 
[Mg].
It will be noticed that even in 6 mM-Mg the 
frequency, 1.7l/sec (1.78, I.65)» was still higher than 
the frequency expected for complete inhibition of Ca
m M  Mg
0.8 r
Fig. 2.6 Competitive inhibition of Ca by Mg. The 
solutions were not corrected for differences in 
osmotic pressure. The points indicating mean m.e.p.p. 
frequency in various [Ca] and (_MgJ are plotted on 
reciprocal scales. The experiments (shown also in 
Fig. 2.7) were carried out in the presence of 3*0 
mM-MgCl9 (filled circles) or 0.1 mM-MgCl0(open circles).
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action (O.66/sec). Presumably either the reduction of 
frequency is not maximal at 6 mM and/or the acceleratory 
effect of Mg is also present at this [Mg].
In view of the indications that Ca and Mg might 
compete (Hubbard, 1961), the data of Fig. 2.5-A. were 
plotted in the semireciprocal form of Fig. 2.5B. In 
this graph the reciprocal of m.e.p.p. frequency is 
plotted as a function of [Mg]. In this form of plot in 
which reciprocal of activity is plotted against inhibitor 
concentration, a straight line is expected for competition 
at one site (Dixon, 1953)* Figure 2.5B is of this 
approximate form for [Mg] up to 6 mM, but then deviates 
indicating action at two or more sites. The observed 
results would be explained if at one site combination 
of Mg reduced m.e.p.p. frequency and at the other the 
combination accelerated m.e.p.p. frequency.
It was possible to demonstrate that reduction of 
m.e.p.p. frequency by Mg was compatible with competitive 
inhibition of Ca by Mg. This followed from the finding 
that double reciprocal plots of m.e.p.p. frequency 
against [Ca] in the presence of 3 and 0.1 Mg (Fig. 2.6) 
appear to converge (Fig. 2.6, dotted lines) towards the 
ordinate axis indicating that the frequency at infinite 
[Ca] was independent of [Mg].
Frequency A B
[CaJ (m M  )
0.1
0 .
2
3 2
- 8 v
4 8
[Mg]
12 16
Fig. 2*7 Evidence For two sites oF Mg action. In A 
the eFFect oF Mg upon mean m.e.p.p. Frequency is 
shown in the presence oF a range oF [CaJ. The vertical 
iibes intersecting the points indicate - I S.E. oF the 
mean m.e.p.p. Frequency. The solutions were not 
corrected For changes in osmotic pressure. In B the 
same data is replotted to show the non-linearity oF the 
relationship between reciprocal oF Frequency (ordinate) 
and [Mgj (abscissa).
wasThe accelerating action of Mg (Fig. 2.3) 
investigated further by examing it in a range of [CaJ. 
In these experiments (Fig. 8A) no osmotic compensation 
was made for the changes in [Mg], and experiments were 
made only in 0.1, 3 and 12.3 mM-MgCl^ so that the peak 
inhibitory effect of Mg seen at 6 mM in Fig. 2.5A was 
not obtained. It can be seen however, in confirmation 
of the experiments in 10 ^M-Ca (Fig. 2.3), that the 
acceleratory effect of Mg was more prominent as the 
[Ca] was reduced. In the presence of the lowest [Ca], 
0.1 mM (Fig. 2.7A, dotted circles), m.e.p.p. frequency 
was accelerated by Mg over the whole range of 
concentrations. In the presence of 0.6 mM-Ca (Fig.
2.7- A, filled circles) the form of the curve was 
intermediate between that obtained in 2 mM-Ca (Fig.
2.7- A, open squares and Fig. 2.5-A.) and the purely 
acceleratory form, and in [Ca] above 2 mM the 
relationship between [Mg] and frequency was of the 
same form as that shown in Fig. 2.5A. The plot of 
reciprocal of frequency against [Mg] shown in Fig.
2.7B again indicates the 2-fold site of Mg action and 
the transition from the predominantly acceleratory to 
the mixed inhibitory and acceleratory action as the 
[Ca] was raised.
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The results suggested that the Mg induced 
acceleration of frequency was indeed a specific effect 
of Mg,for it appeared that Ca might competitively 
inhibit the accelerating action of Mg. When a double 
reciprocal plot of m.e.p.p. frequency against [Mg] 
at various [Ca] was considered, the existence of a 
common maximum velocity as the [Mg] was increased was 
suggested by the results, but no firm conclusion could 
be drawn due to the standard errors of the results and 
the small frequency changes being considered.
Kinetic explanation for Mg effects To account for the 
effects of Mg upon m.e.p.p. frequency the kinetic 
schemes elaborated must incorporate at least two sites 
of Mg action (Figs. 2.5B and 2.7B) and competition 
between Ca and Mg (Fig. 2.6). Furthermore, it appears 
while the competition of Mg with Ca reduces m.e.p.p. 
frequency at one site (Fig. 2.6), at another site Mg 
itself appears to accelerate frequency (Fig. 2.7A, B). 
These effects of Mg could be accounted for by modifying 
scheme A to allow two sites of Mg action, and by assuming 
that Mg ions compete with Ca ions for a common receptor 
X. The combination with X is assumed to modify m.e.p.p. 
frequency in the same way as has been suggested for Ca.
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The resulting scheme (2.B) would then incorporate 
two sites of Ca action both for symmetry with Mg and 
because of the better fitting of the present results 
(Fig. 2.4) with two active complexes.
release
t
release release
Ca s. 
Ca
Mg
Mg
release
t
(2B)
Mg2X
I
release
It can be seen that if the rate constant for XMg 
is less than the rate constants of XCa and XMg^ , raising 
the Mg concentration in the presence of Ca will first 
reduce m.e.p.p. frequency - as the less active Mg complex 
is formed, and then increase the frequency as the more 
active XMg^ is formed. From the competition of Ca and 
Mg for a common molecule X it would be predicted that Ca 
and Mg could displace each other, and that, in high
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concentrations of Ca when X is saturated with Ca, the 
frequency should be independent of Mg (Fig. 2.6). 
Interaction of Ca and pH. pH changes affected the Ca- 
independent fraction of frequency. This was shown by 
measuring frequency in EDTA buffered solutions, 
containing approximately 2.6 10 ^M-Ca at two values of pH 
(Methods, Table 1, solutions 4, 5)* At pH 7*3 the 
frequency was 0.6l/sec (0.71> 0.33),and at pH 6.3 it 
rose to 1.08/sec (1.13, 1.03)* This result could not 
be secondary to a depolarization of nerve terminals in 
solutions of pH 6.3» Certainly Dettbarn & Stampfli 
(1937), using the sucrose gap technique, found that 
solutions of this pH cause a small depolarization of 
rat nerve, but is well known that nerve terminal 
depolarization is ineffective in releasing transmitter 
in a [Ca] as low as 10 ^M (del Castillo & Katz, 1934c; 
Liley, 1936c). Again, because of the EDTA buffering 
action,these results could not be due to an increase 
in [Ca] following the greater ionization of Ca at the 
lower pH.
These results could be explained if H, like Ca 
and Mg, combined with a molecule X to accelerate 
transmitter release. The possibility that H combined 
with the same, presumably anionic, site as Mg and Ca
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was also suggested by the results with 10 mM-Ca at 
pH 6.0 and 7*3» At this [Ca] the system should be 
saturated with Ca and the frequency therefore 
unaffected by change in [h ]. As already reported 
the mean frequencies at pH 6.0 and 7*3 were not 
significantly different. Further evidence for H 
activation was sought at intermediate [Ca]. It 
would be expected that the effect of an increased 
(h ) would be less as the [Ca] rose. I therefore 
compared m.e.p.p. frequencies at pH 6.0 and 7*8 in 
0.2 and 2 mM-Ca. In these experiments special care 
was required in the preparation of solutions to avoid 
changes in frequency due to variations of osmotic 
pressure. The osmotic pressure was held at 410 •- . •
m-osmoles/l by appropriate addition of sucrose, and 
alteration of pH was affected by variation of the 
amount of added bicarbonate.
Table 2.1 Influence of pH on m.e.p.p. frequency
Bathing [Ca] pH 7.8 pH 6.0
(mM) Mean frequency - 1 S.E. Mean frequency - 1 S.E.
0.2 2.74 (4.17, 1.80) 4.58 (5-31, 3-94)
2.0 2.47 (2.96, 2.07) 6.50 (7*28, 5-84)
It can be seen (Table 2.l) that the frequency 
changes were in the opposite direction to those expected.
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The effect of lowering the pH was larger at 2 mM-Ca 
than at 0.2 mM-Ca. Moreover, in solutions with a 
pH of 7*8 the frequencies with 0.2 and 2 mM-Ca were not 
significantly different.
These inconsistencies can be explained by the 
variation of the amount of Ca actually ionized in 
our solutions at different [h ]. At pH 7*8 only 43 
per cent of the Ca in the solution was ionized and, 
as already mentioned, at pH 7*3 the ionized Ca was 
70 per cent of the total Ca, while at pH 6.0 it was 
99 per cent of the total Ca (Garrels & Thompson, 1962). 
Effectively then, at pH 7•8, solutions were compared 
which would have [Ca] of 0.12 and 1.2 mM. Reference 
to Fig. 2.4 shows that the expected difference in 
frequencies, even multiplied by the higher osmotic 
pressure of Table 3 > would be very small. At pH 6, 
if allowance is made for the increased osmolarity and 
for the increase in free [Ca], the frequency in 0.2 
mM is 2.8 times larger than expected from the results 
of Fig. 5,while the frequency in 2 mM-Ca similarly 
corrected is only 1.2 times larger than the expected 
frequency. The results at pH 6 are thus compatible 
with competition betweeen Ca and H, but the effect is 
almost lost in the much larger effect of H upon the
ionization of Ca.
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Discussion
The bathing solutions in the present investigation 
were saturated with CO^ and the bicarbonate 
concentration concentration was so high as to be 
virtually constant. The free [Ca ] must therefore 
have been a constant fraction of the total [Ca] 
(approximately 70 per cent at pH 7*3)» Furthermore, 
it was found (see Results) that in solutions buffered 
with EGTA or EDTA, mean m.e.p.p. frequency was influenced 
by the estimated free [Ca^+ ] rather than the total 
[Ca]. It follows that the relationship between [Ca] 
and [Mg] and m.e.p.p. frequency illustrated in Figs.
2.1 - 2.7 is indicative of the relationship of free
r 2 4* “I[Ca J and frequency. The question then arises where 
did the Ca ions act?
The rapid 4-6 min time course of the Mg effect 
upon m.e.p.p. frequency and amplitude (Fig. 2.2), and 
the 15-30 min time for the effect of [Ca] upon m.e.p.p. 
frequency (Figs. 2.1, 2.3)> are all compatible with 
surface actions of these ions as previously assumed 
(Hubbard, 1961), provided some subsidiary assumptions 
are made. The faster action of Mg requires that Mg 
ions equilibrate with a smaller extracellular space 
than Ca ions, and/or that Mg ions penetrate more easily
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to this space. The equilibration cannot be with the 
whole extracellular compartment of muscle for it is 
known that equilibration of Ca and Mg here takes 
some 30 min (Gilbert & F e n n , 1956; Gilbert, i960). 
Supporting evidence for a surface action of Ca comes 
from the experiments of Miledi & Slater (1966) on the 
squid giant synapse. These workers found that 
electrophonetically-applied Ca affected transmitter 
release when applied extracellularly while intracellular 
application was without effect.
The simplest explanation of this surface action 
was that Ca and Mg combined with receptor sites on a 
molecule X which was spontaneously active in quantal 
release, and modified its activity. The most likely 
way this modifications could occur would be through an 
allosteric effect of Ca and Mg. The scheme proposed for 
spontaneous release is thus similar to that proposed 
by del Castillo & Katz (l95^c) for evoked release.
In this simple kinetic scheme C a , Mg and H were all 
capable of accelerating activity as competitive 
activators of the process. This scheme may well be an 
over-simplification, and indeed systems involving 
greater numbers of C a , Mg or H atoms or the formation
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of mixed species could also explain the results 
obtained. Alternative models for allosteric activity 
have been developed by Mo n o d , Wyman & Changeaux (1965) 
who assumed an enzyme to be composed of identical 
subunits (protomers). The enzyme could be of two 
forms in equilibrium with different affinities for 
substrate. An activator would act by shifting this 
equilibrium towards the form with the higher 
affinity for substrate. Using their treatment, and 
assuming Ca to be an activator of such a system, it 
can be shown that one could derive a general rate 
equation of the same form as equation (2.7)* Such 
schemes are thus compatible with the present results.
The excitant action of Mg (Fig. 2.3) reported 
for the first time means that, as predicted by Boyd 
& Martin (1956a), all of the alkaline earth series 
Mg, Ca, Sr and Ba can accelerate spontaneous release 
and thus presumably can activate X (Fig. 2.3? Hubbard, 
I96I; Elmqvist & Feldman, 1965a$ Miledi, 1966) . The 
present results indicate however that Mg is not a 
complete replacement for Ca. After 7 hr in the 
absence of Ca, the preparation became difficult to 
penetrate and low frequencies were recorded despite 
the presence of 12.5 mM-Mg.
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The discovery of this effect of Mg, and the 
confirmation of Ca-independent release, removes one 
stumbling block which has prevented ready acceptance of the 
view that quantal release by nerve impulses is an 
acceleration of spontaneous release (Liley, 1956c^ Katz, 
1962, 1966). This is the persistence of spontaneous release 
in the presence of concentrations of Mg and/or Ca preventing 
release by nerve impulses. It appears that the 
persistent m.e.p.p. frequency in Ca concentrations
-kbelow 10 M is due to Ca-independent release, and the 
release in high [Mg] is due to both Ca-independent and 
specifically Mg-dependent release. To explain the 
inability of nerve impulses to release transmitter in 
the absence of Ca or in high concentrations of Mg it is 
necessary to assume that only the Ca-activated release 
is accelerated by nerve impulses.
Previous kinetic investigation of the relationship 
between [Caj and m.e.p.p. frequency have been made in 
the presence of 15 mM-KCl (Gage & Quastel, 1966). These 
results differ from the results of the present 
investigation in two aspects. First, no evidence for 
Ca-independent release was found, presumably because 
[Ca ] below 0.32 mM were not explored. Second, it was 
found that [Ca] of 3 mM and above reduced m.e.p.p.
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frequency below the levels found with lesser |Ca],
This finding, also reported by Elmqvist & Feldman (1966), 
was almost certainly due to the presence of 15 mM-KCl 
for it was possible to reproduce it by raising the 
bathing potassium concentration from 5 to 15 mM 
(see Section 4).
Gage & Quastel (1966) also concluded from the 
effects of lowering Na in the presence of a range of 
[Ca] that there was competition between Ca and Na in 
influencing spontaneous release. There were also 
suggestions of a competition between the effects of 
Mg and Na upon m.e.p.p. frequency. All of these 
actions can be conveniently explained by schemes such 
as (2B). In this scheme two molecules of Ca and/or 
Mg are combined with the hypothetical molecule X, the 
choice of the number two being based on a computer 
fitting of the present results with Ca (Hubbard, Jones 
& Landau 1968a), and on the finding of Mg action at two 
sites (Figs. 2.5» 2.7)* It can be shown that the 
interaction of Ca, Mg, K, Na and H can all be 
similarly explained by combination of these ions with 
at least two sites on X. The finding that all cations 
so far investigated modify the rate of spontaneous
8.5
release may simply mean that the site is anionic but 
this point awaits further investigation..
The experiments of Katz and Miledi (I966, 1967c, d) 
suggest that nerve impulses release transmitter by 
causing a Ca complex to move across the nerve terminal 
membrane. A plausible explanation of the present 
results would be that the complexing species is in fact 
X, which in my scheme combines with Ca and other cations. 
If this were so then it would follow that movement of 
the complexing species occurred spontaneously at a low 
rate, dependent on the ambient temperature and osmotic 
pressure and independent of the membrane potential level 
in the absence of Ca. Combination with Ca, Mg or H 
(Figs. 2 .3 , 2 .4) would accelerate release, but apparently 
only the Ca complex allows release by nerve impulses.
This difference between the species of X may arise 
either because the diffusion of only the Ca species can 
be accelerated to the extent needed for evoked release 
or because only the Ca species are active enough in 
the unknown processes which follow inward Ca movement.
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PART 2
The effect of Ca and Mg on the release of transmitter
by nerve impulses 
Introduction
Part 1 of this Section was concluded with the 
suggestion that the different effects of Ca and Mg on 
spontaneous and evoked release could be explained by 
postulating a number of modes for spontaneous release, 
only one of which is accelerated by the nerve action 
potential (n.a.p.). In order to test this hypothesis, 
quantitative data was obtained of the relationship 
between evoked release and [Ca] and [Mg].
In the light of these results, the kinetic scheme 
of spontaneous release was modified, and the simplest 
change was sought which would explain the effect of the 
n.a.p. on the release process.
Results
Time course The time courses of Ca and Mg actions upon 
e.p.p. quantal content were the same as the time courses 
of their actions on m.e.p.p. frequency. In Part 1 of 
this Section it was found that the effects of changes 
of [Ca] upon m.e.p.p. frequency took 15-30 min for 
completion. As Fig. 2.8 shows, the amplitude of e.p.p.s 
evoked at 25 sec intervals changed with a similar time
Fig. 2.8 The time course of the changes in e.p.p. 
amplitude produced by variation of the bathing [CaJ. 
Two separate experiments are shown. In both e.p.p.s 
were recorded at 25 sec intervals in the control 
solution (2 mM-Ca), then for 20 min in the test 
solution and again in the control solution. E.p.p. 
amplitudes are expressed as per centages of the mean 
amplitude of e.p.p.s in the control solution. In the 
experiment in which the test solution contained 
5 mM-Ca the e.p.p. amplitudes are shown by filled 
circles and in the experiment in which the test 
solution contained 1 mM-Ca the amplitudes are denoted 
by open triangles. The vertical interrupted lines 
indicate changes of bathing [CaJ. The first indicates 
the change from the control to the test solution, the 
second the return from test to control solution.
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course upon exposure to solutions with a greater 
(Fig. 2.8, filled circles) or smaller (Fig. 2.8, open 
triangles) [Ca] than that of the control solutions.
Figure 2.8 is representative of five similar experiments. 
These amplitude changes (Fig. 2.8) presumably reflect 
changes in quantal content since [Ca] changes of this 
magnitude, in this preparation, do not change quantal 
size as estimated from m.e.p.p. amplitude measurements 
(see Section 2, part l).
The effects of Mg upon quantal content also 
paralleled the effects of this ion upon m.e.p.p. 
frequency, and were similarly complete in a shorter 
time than the equivalent Ca actions. In three 
experiments in which the [Mg] of bathing solutions 
was increased from 1 mM to 3 or 6 mM, there was a fall 
in the quantal content of e.p.p.s which was complete 
in 7-9 min and reversed within the same time upon 
reducing the [Mg] to 1 mM.
Action of Ca The effects of Ca upon spontaneous
release (Section 2, Part 4) were exhibited in the range
-5 -210 - 10 M. The same general range covered the
effects of Ca upon ACh release evoked by nerve impulses, 
although the effects of Ca were much larger. For
instance,in two experiments it was found that after
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2 hr exposure to solutions with a [Ca] of 2.4x10 the 
preparations did not contract upon single or repetitive 
nerve stimulation. In these preparations no e.p.p. 
response was recorded at junctional regions identified 
by the recording of m.e.p.p.s. Upon raising the [Ca] 
of the bathing medium to the normal 2 mM, e.p.p.s were 
detected after nerve stimulation, and these e.p.p.s 
rapidly became large enough to generate muscle action 
potentials, and thus provoke contraction of the 
preparation. E.p.p.s could however be recorded in the 
presence of [Ca] as low as 5x10 '^ M, although at this 
concentration responses at individual junctions were 
intermittent. Weak contraction occurred in response
to stimulation at this concentration, but was abolished
—8by the addition of (+)-tubocurarine Cl, 5x10 g/ml.
Boyd and Martin (1956b) similarly report that most 
fibres in the cat tenuissimus muscle continued to 
twitch for an unmentioned time in a solution with, no 
added Ca. As Fig. 2.9 indicates, m for responses in 
solutions with [Ca] o:^  0.05 mM was very low, so that it 
must be assumed either that the threshold for initiation 
of the muscle action potential had markedly diminished 
(Costantin, 1967)» or, as suggested by Boyd and Martin
Fig. 2.9 The relationship between bathing [Ca] and 
the mean quantal content (m) of e.p.p.s. The m - 1 S.E. 
is indicated by the circles and bars. For determination 
of m see text. Note logarithmic ordinate and abscissa.
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(l956b), that there was a small population of junctions 
with a larger quantal content.
In agreement with conclusions from previous 
investigations of the effect of Ca on e.p.p. amplitude 
and e.p.p. quantal content, m was found to increase as 
[Ca] was increased (del Castillo & Stark, 1952; del J 
Castillo & Katz, 1954h; Boyd & Martin 1956b; Jenkinson, 
1957; Elmqvist & Quastel, 1965)» Figure 2.9 shows m
determined over a range of [Ca]s from 5^10 ^ to
-21x10 M. Each estimate of m represents the arithmetic 
mean (i 1 S.E.) of quantal contents estimated (see 
Methods) from 6 to 14 junctions in preparations 
bathed at that particular [Ca]. The data have been 
plotted on logarithmic co-ordinates because of the wide 
ranges involved, and also to allow comparison with the 
form of results from previous related investigations.
In low [Ca]s the relationship between [Ca] and m 
(Fig. 2.9) was almost linear, with a gradient of 
approximately 2.6. This compares with a gradient of 
4 for a similar comparison of e.p.p. amplitude and [Ca] 
at the frog neuromuscular junction (Dodge & Rahamimoff, 
1967a, b). However, the data of Jenkinson (1957), using 
the same frog preparation,yields a gradient of 3* In 
higher [Ca]s, the relationship deviates from linearity
100.0
0.001
0.0001
Fig. 2.10 The competition between Ca and Mg. Points 
indicate quantal content (m - 1 S.E.) of e.p.p.s. For 
determination of m, see Methods. Note reciprocal 
scale of abscissa and logarithmic-reciprocal scale 
of ordinate. Open triangles 12.5 mM-Mg, open circles 
1 mM-Mg and open squares 0.1 mM-Mg.
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and m appears to be approaching a maximum. A similar 
result was found for the relationship between e.p.p. 
amplitude and [CaJ reported by Jenkinson (1957)»
Action of Mg The effect upon m of a 12.5-fold increase 
in [Mg] (from 1x10  ^ to 12.5x10 M^) , and of a 10-fold 
decrease in [Mg] (from 1x10 J to 1x10 M), was
investigated in a range of [Ca]s. As in Fig. 2.9> 
each estimate of m represents the arithmetic mean 
(- 1 S.E.) of quantal contents estimated (see Methods) 
from 6 to 14 junctions in preparations bathed at that 
particular [Ca]. As Fig. 2.10 shows, m fell as [Mg] 
increased, in agreement with the conclusions of 
previous investigations (del Castillo & Engbaek, 195^ - 5 
del Castillo & Katz, 195^ +b; Boyd & Martin, 1956b; 
Jenkinson, 1957)*
The relative decrease in m produced by increasing 
[Mg] was greater in low [Ca]. This would be expected 
from the evidence of Jenkinson (1957) that Ca and Mg 
compete in their effects upon quantal content. Fig.
2.10 shows the relationship between the reciprocal of 
m (using a logarithmic scale for convenience) and the 
reciprocal of [Ca], at various [Mg]. Extrapolation of 
all three curves to a common intercept on the ordinate 
would indicate competitive interaction between Ca and Mg
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As can be seen from Fig. 2.10, the data are suggestive 
of such a relationship, although no firm conclusion 
can be drawn because of the standard errors of the 
results and the curved form of the plot.
Comparison of the effects of Ca and Mg upon spontaneous 
and evoked ACh release In an investigation of the 
effects of Ca and Mg on spontaneous ACh release (Hubbard 
et al. 1968a), it was concluded that Ca and Mg may act 
on spontaneous transmitter release by competing at 
two or more sites on a Ca/Mg binding nerve terminal 
receptor molecule active in the process leading to 
transmitter release, so modifying its activity. Dodge 
& Rahamimoff (1967a, b) have recently proposed, from 
the gradient of a log-log plot of e.p.p. amplitude as 
a function of [Ca], that at the frog neuromuscular .' 
junction a nerve terminal receptor bearing four Ca 
molecules may be involved in evoked transmitter release. 
In a similar manner (Fig. 2.9) it appears likely that 
a molecule binding three Ca molecules is involved in 
evoked ACh release at the mammalian neuromuscular 
junction.
Further evidence suggesting the binding of three 
Ca molecules was obtained by plotting the reciprocal 
of m as a function of [Mg] on logarithmic co-ordinates.
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It can be shown that the gradient of such a plot, 
for quantal contents determined in high [Mg]s at low 
[Ca], is an indication of the number of sites Mg may 
may occupy on the proposed receptor molecule. When 
the data of Fig. 2.10 were plotted in this form the 
gradient for high [Mg]s at low [Ca]s was 2.7*
As spontaneous release appears to involve 
activity of a recep tor with two or more sites at which 
Ca and Mg compete (scheme 2B), and as evoked release 
appears to involve activity of a receptor with at 
least three sites, at which Ca and Mg compete, the 
hypothesis that Ca and Mg affect a receptor system 
common to, and participating in, both spontaneous and 
evoked ACh release can be maintained. This idea is 
further strengthened by the similar time course of 
the action of Ca and Mg in both forms of release.
The ability of such a hypothesis to explain the actions 
of Ca and Mg in both forms of transmitter release was 
therefore considered on the assumption of system 2C.
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Ks = dissociation constants, ks = rate 
k = k^ for spontaneous ACh release, k
tACh release, where k^ > k^.
constants,
k^ for evoked
This system is of the form previously postulated 
to explain spontaneous release (scheme 2B), but with 
three instead of two Ca/Mg receptor sites. The change 
in the system which is proposed to explain the 
increased release rates provoked by nerve impulses and
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the lack of excitation of evoked release by Mg is a 
constant, Ca-independent, increase in the rate constant 
of the Ca^X species (k^). This change was the simplest 
which could quantitatively explain the relationship 
between [CaJ and [Mg] and release, found for both 
evoked release (Figs. 2.9» 2.10) and spontaneous release 
(Hubbard, Jones and Landau, 1968a).
Alternative means of producing an acceleration of 
such a system, and reasons for rejection were: (l) An
increased local [Ca]. This is unlikely, for in 
spontaneous release the receptor appears to be almost 
saturated by [Ca] of 1x10 M (Section 2, part l), when 
release rates are of the order of 5-10 quanta/sec only. 
This argument, however, assumes [Ca] at the active site 
to be proportional to bathing [Ca]. If the saturation 
effect in spontaneous release was due to a limit on 
the diffusion of Ca to the active site, rather than to 
a saturation of the site itself, then the effect of the 
n.a.p. could well be explained by assuming it to remove 
this limit for diffusion. This possibility will be 
discussed further in Section 3* (2) Increased total
receptor, X^. This would predict that the ratio, 
evoked release rate/spontaneous release rate, be 
constant for all [Ca]. In fact a sigmoidal relationship
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is obtained. (3 ) A change in dissociation constants 
to produce greatly increased quantities of an active 
Ca-bound species. This is unlikely because in 
spontaneous release maximal formation of the Ca^X 
complex produces frequencies of 5-10 quanta/sec, while 
predominant formation of Ca^X or CaX complexes would 
predict gradients of 2 or less for the results as 
plotted in Fig. 2. (4) Increases in rate constants
of the various species could occur. However the 
gradient of the relationship between [Ca] and quantal 
content is approximately 2.6 in low [Ca] (Fig. 2.9), 
suggesting the importance of a receptor species 
bearing more than two Ca molecules. Hence a change in 
the rate constant of Ca^X alone appears the simplest 
change to consider.
The following rate equations (2.8) and (2 .9) for 
the system being considered were derived in the manner 
described in part 1 of this section.
For spontaneous release the following equation 
holds:
Quantal release rate
1cV / o 1 r_ 1 "2__ r~ i2
m ^k +kK,LCaJ+kK.K [Ca]% V  ■ r- [Ca]\ v A - [Mg]3)1 2 KlK2K -j kK4K 5K 6
(, [ Cal [cal2 real3 jMgl [Mg'!2 [Mg]3 > 
 ^ K 1 K1K 2 K1K2K 3 K 4 K 4K 5 K 4K5K6
(2.8)
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where = quantal release rate when [Ca] is 
saturating.
The acceleration of release following the action 
potential is clearly gross; thus for evoked release 
the activity of complexes other than the Ca^X species 
is insignificnat on the system being considered. The 
rate equation (2.8) may therefore be simplified for 
evoked release, to 
Quantal release rate
V [ca]3m J
K K K ( -+ L C * 1 — . 1 2 V  Kx K2K2 K1K2K^ i Mg L l M g l  [ M g l3 ) ( 2 9 )V  V  V  V  V  f V -7 /V 5 K4K5K6
An equation like 2.8 would explain the relative 
insensitivity of spontaneous release to reduction in 
[Ca] - due to the Ca-free term in the numerator, and 
also the complex relationship between spontaneous 
release and [Mg] - due to the presence of Mg terms 
in both the numerator and denominator. On the other 
hand, the situation described by equation 2.9 is 
much simpler, showing a greater sensitivity to 
changes in [Ca] and [Mg], un-buffered by Ca-free and 
Mg-dependent forms of release. As was demonstrated 
by Hubbard, Jones and Landau (1968b), equations 2.8 and 
2.9 can describe quantitatively the effects of Ca and
97
Mg in both spontaneous and evoked release. Such a 
scheme as 2C is thus fully compatible with the results 
reported in the present Section.
It is of interest to estimate what change in 
is produced by the n.a.p. The unit of quantal release 
is the same as that of the Vm. In spontaneous release 
it is: quanta/sec (f), and in evoked release it is
quanta/nerve impulse, (m). In converting from one to 
the other we remember that the release of quanta by the
n.a.p. occurs within less than a msec. Thus, the rate
3 4of evoked release should be multiplied by 10 -10 in 
order to express it as quanta/sec. The ratio between
the rate constant of Ca^X in evoked and spontaneous
release (k^/k^) is equal to the ratio of the Vm in both
situations. This was found (Hubbard, Jones and Landau
1968b) to be l600. This value will be multiplied
3 4further by 10 -10 to convert the Vm for evoked release 
into units of quanta/sec. The n.a.p. thus causes a 
10 -10/ fold increase in the activity of Ca^X in 
transmitter release.
Discussion
The scheme proposed to explain both spontaneous 
and evoked release, and in particular the manner in 
which the n.a.p. is assumed to modify it, is relatively
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simple. However, some of the underlying assumptions 
should be pointed out. Firstly, it is assumed that 
[Ca] at the active site is linearly proportional to 
bathing [Ca]. This is not unlikely in view of the 
probable surface action of Ca (Katz & Miledi, 1965c; 
Miledi & Slater, 1966). However, if a limited 
diffusion of Ca to the active site existed, this 
would invalidate the present scheme. A second 
assumption is that release is related to [Ca] or to a 
power thereof, rather than to exp [Ca], This, however, 
would not be the case if the relationship between 
ACh release and membrane depolarization were truly 
exponential (Liley, 1956c; Hagiwara & Tasaki, 1958; 
Takeuchi & Takeuchi, 1962; Miledi & Slater, 1966; 
Kusano, Livengood and Werman, 1967; Katz & Miledi, 
1967d),and Ca was to alter the exponential constant 
(Liley, 1956c; Katz, 1966; Katz & Miledi, 1967d). The 
non-linear Ca kinetics could then be explained without 
having to invoke a co-ordinative action of Ca ions 
(Dodge & Rahamimoff, 1967a,b).
Thirdly it is assumed that a single process or 
the action of a single type of molecule determines the 
rate transmitter release. As indicated by the results 
of Section 1, and also by the studies on early
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facilitation reported by Katz & Miledi (1968), this 
is probably not the case.
The present scheme thus appears to be over­
simplified, and is in need of further examination.
One way to test it further would be to determine the 
Ca and Mg kinetics at various levels of depolarization 
intermediate between the resting state and that of 
the n.a.p. This is partially undertaken in Section 
3, the results of which seem to validate the first 
two assumptions of the present discussion. To what 
degree the third assumption is essential for the 
present scheme cannot be assessed at present. A 
study of the "very early" facilitation of Katz &
Miledi (1968), and the effects of Ca thereon, seem the 
most promising direction for further examination of 
the problem.
Within the framework of the present hypothesis, 
two possible mechanisms for the increased activity of 
the Ca-receptor complex may be suggested. The first 
of these is entry of the complex into nerve terminals. 
Entry of Ca into nerve terminals as a result of 
terminal depolarization by the nerve impulse was 
suggested by Hodgkin & Keynes (l957)> and indeed there 
is evidence from squid axon, crab nerve and skeletal
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muscle that Ca entry into these tissues is accelerated 
as a result of membrane depolarization (Fluckiger & 
Keynes, 1955; Keynes & Lewis, 1956; Hodgkin & Keynes, 
1957; Bianchi & Shanes, 1959)» The work of Douglas 
and his colleagues upon adrenal chromaffin cells and 
the neuro-hypothesis indicates that hormone secretion 
is induced by Ca entry following depolarization of the 
secreting element (Douglas & Poisner, 1964a,b,;
Douglas, Kanno & Sampson, 1 9 6 7 )» Similarly experiments 
upon transmitter release from frog motor nerve 
terminals (Katz & Miledi 1 9 6 7c) and the squid giant 
synapse (Katz & Miledi, 1967d; Kusano, Livengood &
Werman, 1 9 6 7 ) have been explained by the entry of a 
positively charged Ca species into the nerve terminals 
during terminal depolarization.
A second possibility, which is of some appeal in 
view of the essentially allosteric effect of Ca upon 
transmitter release suggested in the present analysisf 
is that the action potential produces a conformational 
change in the nerve terminal membrane (Schmidt &
Davison, 1 9 6 5 ; Bass & Moore, 1 9 6 6a; Cohen & Keynes, 1968)^ 
and this change results in a greatly increased activity 
of the proposed Ca complex.
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SECTION 3
The effect of pre-synaptic polarization on spontaneous
transmitter release.
I ntroduction
In the previous section a kinetic model was developed, 
which makes it possible to explain quantitatively the 
effects of Ca and Mg on both spontaneous and evoked 
transmitter release (Hubbard, Jones and Landau, 1968 b) . 
This model was derived from the comparison of two very 
different situations: The transient, greatly increased
release of transmitter occurring in the wake of the nerve 
action potential (n.a.p.), and the slow steady state 
release found at resting neuro-muscular junctions. The 
model could be tested by examining the effects of Ca 
and Mg on rates of release intermediate between these 
two extremes. The simplest approach was to maintain the 
steady state properties of the system while increasing 
release rates by applying steady pre-synaptic 
depolarization (del Castillo and Katz, 195^c, Liley,
1956c). Information obtained in this way is limited by 
the steady-state approach employed. It is known that 
the depolarization of the presynaptic terminal is 
followed by a complicated sequence of changes in the rate 
of transmitter release, indicating that a number of 
processes each with different ’time constants’ of rise
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and decay are activated by the n.a.p. (Katz and Miledi 
1967 b, c, 1968, see also section l). Investigations of 
the effect of Ca and Mg on these various processes will 
probably necessitate further complication of the present 
model which at present explains release on the activity 
of a single type of * receptor' molecule.
It was hoped, however, that the steady state 
behaviour of the system would provide important clues 
for explaining its activity during the n.a.p. This would 
be so in particular if predictions from the model, 
derived from observations on evoked release, were 
fulfilled by spontaneous release accelerated by steady 
presynaptic depolarization.
Accordingly, the effects of presynaptic polarization 
were examined in normal and in altered [Ca] and [Mg], 
and also after changes in bathing [k ], temperature 
and osmolarity. The polarization was obtained in a 
number of ways. First the method of Liley (1956c) was 
used whereby currents were passed between the two 
halves of the divided perfusion chamber, the lines of 
the current flow converging upon a small opening in the 
partition between the two halves and polarizing the 
phrenic nerve which passed through this aperture. The 
polarization then spread electrotonically from the
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Fig. 3.1 The basic release-current function. Ordinates: 
m.e.p.p. frequency/sec. Note logarithmic scale.
Abscissae: current strength in |±A. To the right of
the arrow: cathodic currents, and to the left;anodic
currents.
3.1A The effect of temperature upon the release- 
current function. Filled circles: 32° - 3^+ C, open
circles: 37° - 39°C* Data obtained from a single junction.
3.IB The effect of increased [k ] on the release-current 
function. Filled circles: control in the presence of
5 mM KC1. Open circles: 30 mins after change over to
15 mM KC1. Data obtained from a single junction.
aperture, affecting the various nerve endings nearby 
(Methods, Fig. M2). Alternatively, the focal method 
of nerve terminal polarization of Hubbard and Willis 
(1962b, 1968) was sometimes used. Finally rapid 
changes in bathing [k ] were employed to depolarize 
the motor terminals.
Results
The basic release-current function 
The relationship between m.e.p.p. frequency and 
electrotonically applied currents is shown in Fig. 3»1A. 
At 32°C - 34°C (filled circles) m.e.p.p. frequency 
increased exponentially with depolarization cathodic 
currents in confirmation of Liley1s results (1956c).
The effect of hyperpolarizing anodic currents, however, 
differed quite markedly from that found by Liley in 
the presence of 5 mM-K. Instead of decreasing 
exponentially with hyperpolarizing currents, m.e.p.p. 
frequency tended to stabilize at a level slightly below 
the control value. This phenomenon cannot be explained 
by the different temperature range used, as a very 
similar curve was obtained from the same unit at 37° - 
38°C (Fig. 3«1A> open circles).
It might be questioned whether the nerve terminals 
were actually hyperpolarized by the anodic currents.
To test this, a unit was examined in normal [k ], and 
found to be insensitive to hyperpolarizing currents 
(Fig. closed circles). The bathing [k ] was then
increased to 13 mM, and 30 mins later the effect of 
currents upon m.e.p.p. frequency was again examined 
(Fig. 3 .IB, open circles). Hyperpolarizing currents 
now produced a large fall in m.e.p.p. frequency, 
indicating that when the nerve terminal was 
depolarized by increased [k ], hyperpolarization did 
reduce m.e.p.p. frequency in a nearly exponential 
manner.
The difference between these and Liley’s results 
cannot be attributed to progressive changes in m.e.p.p. 
frequency as these were checked for and rigorously 
eliminated (see Methods). Nor. can it be attributed 
to the low frequencies encountered, for at least 30 
and usually 30 m.e.p.p.s were recorded in the 
hyperpolarizing range. Furthermore, the form of the 
curves shown in Fig. 3»1 was repeatedly found. In 
normal [k ] it was found in all of 13 units at 32° - 
34°C and in 7 units examined at 37° - 39°C. In high 
[k ] the hyperpolarizing effect was greatly enhanced in 
8 units at 32° - 3 -^° and in 3 units at 37° - 39°C.
A possible explanation for this discrepancy may be 
that the units recorded by Liley were slightly depolarized. 
It is perhaps significant that in the unit illustrating 
an exponential decrease in m.e.p.p. frequency with 
presynaptic hyperpolarization (Liley, 1956 Fig. 4a ) 
the control frequency is considerably higher than in 
the unit showing a deviation from this relationship 
(Liley, 1956 Fig. 4b ) . Liley’s records, obtained 
within 2 0 0 p of the cut edge of the muscle, may have 
been affected by K diffusing away from the damaged muscle 
fibres, thus depolarizing the junctions being studied.
The effect of prolonged hyperpolarizing currents on 
m.e.p.p. frequency.
Presynaptic hyperpolarization apparently increases 
the release of transmitter by nerve impulses at many 
different synapses (del Castillo and Katz 195^c > Eccles, 
Kostyuk and Schmidt 1 9 6 2 , Hagiwara and Tasaki 1958, 
Takeuchi and Takeuchi 1 9 6 2 , Hubbard and Willis 1 9 6 2 a, 
b). In contrast, m.e.p.p. frequency was found to be 
reduced or unaffected by a similar procedure (del 
Castillo and Katz 195^c, Liley 1956c,Kraatz and 
Trautwein 1957» Hubbard and Willis 1962 b cf. Fig. 3«l)*
It has been suggested that presynaptic 
hyperpolarization affected release by increasing the
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Fig. 3*2 The effect of polarizing currents on some 
release parameters. (Data by the courtesy of Drs. 
Hubbard & Willis). Ordinates: A, immediately
available store of quanta (n). B, average release 
probability (p). Abscissa: time in sec. The hatched
horizontal bars indicate periods of current applied 
focally to a motor terminal. The current strength 
(in pA) is shown above each bar. A + sign indicates 
anodic, a -sign cathodic current. The values for n 
and p obtained during the application of current are 
denoted by closed circles. Open circles denote values 
obtained after the current has ceased. The onset of 
current application is further indicated by arrows 
pointing upwards and its cessation by arrows in the 
reverse direction. C shows sample tetanic trains 
(at 100/sec) in the control situation and during the 
passage of anodic currents. The current strength 
(in (JA.) and the time from the beginning of the current 
application (in sec) is shown with each tetanic trains. 
In D similar tetani are shown for depolarizing currents. 
Only the current strength (in pA) is indicated with 
each tetanus.
store of readily available quanta (n), and that m.e.p.p. 
frequency may not be closely linked with this store 
(Hubbard and Willis 1962 b). This problem was 
investigated in two ways. First, the effect of 
presynaptic polarizing currents was examined on the 
functions *n* and 'p*. These functions, as defined 
in section 1, are the store of quanta readily 
available for release,1 n 1, and the probability of their 
release, !p ’. E.p.p. amplitudes recorded from brief 
tetani of 10 pulses at 100/sec applied at various 
times before, during, and after the application of 
polarizing currents (data supplied by Professor 
J.I. Hubbard) were subjected to an analysis of !n' 
and * p* in the manner described in section 1 
(Fig. 3*2). The effects of these currents on rn' 
and lp* are shown in Fig. 3*2A,B, and sample tetani 
for various current strengths are shown in Fig. 3»2C,D.
When hyperpolarizing currents were applied, both 
*n’ and 'p' increased slowly over many seconds (Fig. 3*2A,
B). The effect was most marked on ’n*, the value of 
which increased 6.5 times in 45 seconds in response 
to a local hyperpolarizing current of 4.5 |lA. In 
contrast, when the terminal was depolarized, only
*n' was reduced whereas ' p* was apparently unchanged.
The time course of the effect of presynaptic 
depolarization was also much faster than that of 
hyperpolarization, (Hubbard and Willis 1962c, 1968).
The suggestion that presynaptic polarization acted 
primarily on the 'store* of available transmitter 
quanta (n) is thus substantiated by the present 
analysis. (Hubbard and Willis 1962 a, b, c, 1968).
A new result, however, is the increase in the value 
of *p' as a result of presynaptic hyperpolarization.
This could be due to greater binding of Ca to the 
nerve terminal membrane (Shanes 1958b), although it 
is surprising that depolarizing currents did not 
have the opposite effect (Hodgkin and Keynes 1957» 
Bianchi and Shanes 1959» Kaketsu and Myamoto 1961).
This may perhaps be attributed to a different 
sensitivity of the system to currents of opposite 
direction.
If spontaneous release occurred from the same 
store of quanta as the release evoked by nerve impulses, 
then m.e.p.p. frequency should also increase when the 
terminals were hyperpolarized for prolonged periods. 
Moreover, if the direction of the polarizing current 
was reversed immediately after such treatment, the
Frequency Cathodic
800 uA 800 uA 800 uA
mmm
*•
Anodic Cathodic
800 uA 800 uA
f ’ ’ ” 1
/ / • I
J_____ 1_____ 1_____ I_____ I______l_
220 240 260
I
Sec
Fig. 3-3 The effects of presyiiaptic depolarizing 
currents before and after a conditioning hyperpolarization. 
Ordinate: m.e.p.p. frequency. Note logarithmic scale.
Abscissa: time in secs. Note break in scale. Closed
circles: m.e.p.p. frequency recorded during the
application of a presynaptic depolarizing (cathodic) 
current. Closed triangles: m.e.p.p. frequency recorded
during the application of a presynaptic hyperpolarizing 
(anodic) current. Open circles: m.e.p.p. frequency
recorded in the absence of polarizing currents. The 
onset of current application and its cessation are 
denoted by arrows. Periods of current application 
are denoted by lightly shaded (Anodic currents) and 
heavily shaded (Cathodic currents) horizontal bars, and 
the current strength ( in pA) is shown above each bar.
All data were obtained from a single junction.
increase in m.e.p.p. frequency should be greater than 
that found in the absence of conditioning 
hyperpolarization. This prediction was tested in 3 
experiments and the results of one are shown in Fig. 3*3*
The necessity to use greater current intensities 
in the present experiments stems partly from the 
technique used (electrotonic vs. focal polarization) 
and partly from the relative insensitivity of m.e.p.p. 
frequency to presynaptic polarizing currents (Hubbard 
and Willis 1962 b).
In one experiment, three successive applications 
of presynaptic depolarization each caused approximately 
a 7 fold increase in m.e.p.p. frequency (Fig. 3*3 
closed circles). A prolonged presynaptic 
hyperpolarization was then applied, lasting for about 
180 secs (Fig. 3*3 , closed triangles) at the end of 
which the direction of the current was reversed, 
causing a greater increase in m.e.p.p. frequency than 
was found in the control situation. The increase in 
the effect of presynaptic depolarization after the 
conditioning hyperpolarization, although highly 
significant (p <0.01^, t-test) was relatively small 
(2 fold) compared with the concurrent increase which 
presumably occurred in the store of available quanta
of' transmitter (cf. Fig. 3»2A). In two other similar 
experiments there was a slight fall in m.e.p.p. 
frequency during the applied hyperpolarization (to 
80rfo of control in one and to 70$> of control in the 
other) and the testing depolarization at the end 
of the hyperpolarizing period produced the same 
effect on m.e.p.p. frequency as was observed prior 
to the hyperpolarization. However, a small potentiating 
effect of the conditioning hyperpolarization may have 
been present but was masked by the trends in m.e.p.p. 
frequency observed in these experiments.
The present results thus confirm and extend the 
observations of Liley (1956 c) and Hubbard and 
Willis (1962 b). Not only does m.e.p.p. frequency 
not increase concurrently with the build up of !n’, 
but also the effects of small presynaptic depolarization 
are only slightly or not at all enhanced by it.
The conclusion can thus be drawn that the increase 
in available quantal store (n) produced by 
hyperpolarization has very little effect at low 
release rates, but becomes progressively more 
important when rates of release are increased. The 
significance of this finding will be examined in the
Discussion.
Fig. 3.4 The effect of Ca on the release-current 
function. Ordinates and abscissae as in Fig. 3•f •
3.2A The effect of Ca in normal bathing K j . Control 
in 2 mM C a C ^ :  open circles. After 20 mins in 0.5
Ca CI2 : closed circles. After 30 mins in 0.5 Ca CI2 :
closed diamonds. Twenty mins after return to control: 
open diamonds. Thirty mins back in control: open
squares. Twenty minutes after change over to 8 mM-Ca 
CI2 : closed squares. Thirty mins in 8 mM-Ca CI2 :
closed triangles. The full lines represent fitted 
curves. For details see Discussion. Data from a 
single junction.
3*2B The effect of Ca in the presence of 15 mM KC1. 
Control series: open circles. Twenty mins after
changeover to 0-5 mM CaCl,, : closed circles. Thirty
mins in 0.5 Ca CI2 : closed squares. Data from a
single junction. >
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The effect of Ca on the release-current function
The effect of Ca on the relationship between 
m.e.p.p. frequency and nerve terminal polarization is 
shown in Fig. 3*^A. In this experiment a junction 
was examined in normal j_Ca] - 2 mM (open circles).
[Ca] was then reduced to 0.5 mM and the polarization 
series repeated after 20 (closed circles) and 30 
(closed diamonds) mins. j_Ca] was then returned to 
control level and the control series repeated after 
further 20 (open diamonds) and 30 (open squares) mins. 
Finally [CaJ was increased to 8 mM, and the series 
repeated 20 (closed squares) and 30 (closed triangles) 
mins later.
The increase in |_Ca] (Fig. 3*^tA, closed triangles 
and squares) shifted the release-current function 
upwards. No significant change in the slope (i.e. 
exponential constant) of the function was found with 
depolarizing currents. In 8 similar experiments the 
ratio between the slopes at 8 and 2 mM Ca was 1.04 - 
0 .Ik (Mean - 1 S.E. of 8 experiments).
When [Ca] was reduced (Fig. 3.kA, closed diamonds 
and circles) and the release-current function appeared 
to have a smaller initial gradient which increased to 
approach that of the control function. A similar
Ill
phenomenon was found in 3 more experiments. However, 
the scatter of the points prevented the exclusion of 
an alternative interpretation: namely, that reducing
[Ca] produced an overall reduction in the slope of the 
release-current function.
To further elucidate this point three experiments 
were performed in preparations equilibrated in 13 mM K ? 
the results of one being shown in Fig. 3*^B« In such 
solutions the endings were only little depolarized 
(control frequency multiplied by about ten, see Fig. 3*7 )> 
but a second slow phase in K activity further increased 
the frequency by 2.3 - 3 times. This phase was 
prabably independent of the depolarizing effect of K, 
(Gage and Quastel 1963) but made the determination of 
m.e.p.p. frequency much easier. When [Ca] was reduced 
from 2 mM (open circles, Fig. 3»^B) to 0.3 mM (closed 
circles, squares, Fig. 3»^B), in the presence of 
13 mM K, the functions stayed parallel in the 
depolarizing range, but tended to approach each other 
in the hyperpolarizing range. This experiment thus 
confirms both the tendency of the release-current 
function in low [Ca] to approach the same slope as in 
normal [Ca], and also its having a smaller initial 
gradient than in normal [Ca].
Frequency
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Fig. 3.5 The effect of Mg on the release-current 
function. Ordinates and abscissae as in Fig. 3*1* 
Control series: open circles. Series after 10 mins in 
15 niM Mg CI2 : closed squares. Series after 20 mins 
in 15 mM Mg C^: closed circles. The lines are
theoretically fitted curves. For details see 
Discussion. Data from a single junction.
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The same effect was found in 2 other similar 
experiments.
The effect_of Mg on the release-current function
An experiment demonstrating the effect of Mg 
on the release-current function is shown in Fig. 3*5»
In the presence of 15 mM-Mg, the initial gradient of 
the release-current function was reduced (Fig. 3*5 
closed symbols), but the function subsequently tended 
to become parallel to the control curve obtained in 
1 mM-Mg. (Fig. 3.5, open circles). This junction 
was particularly sensitive to the effect of currents, 
as a tenfold increase in m.e.p.p. frequency (in the 
control solution) was produced by a depolarizing 
current of only 279 pA, as compared, for instance, 
with 500pA in the experiment of Fig. 3 *4a . In a 
second similar experiment, the unit examined was less 
sensitive to polarizing currents, a depolarization of 
460 pA being needed for a tenfold increase in m.e.p.p. 
frequency. When [Mg] was increased to 15 mM both 
depolarizing and hyperpolarizing currents up to 800 pA 
had no effect on m.e.p.p. frequency, thus confirming 
the tendency of the release-current function to have a 
reduced initial gradient in high [Mg]. Similar effects
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Fig. 3*6 The effect of Mg on the release current 
function in the presence of 15 mM-K. Ordinates 
and abscissae as in Fig. 3.1. A and B show the 
results of two identical experiments, each obtained from 
a different junction. Dotted circles: Control series
in 1 mM-Mg. Closed circles: Series obtained 10 min
after the exhibition of 8 mM-Mg.
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were also reported by Liley (1956c, Fig. 4b ), and by del 
Castillo and Katz (l95^ +c, Fig. 5)»
The effects of Mg on the release-current function 
were also examined in the presence of 15 mM-K. An 
experiment, representative of three similar experiments, 
is shown in Fig. 3*6A. When [Mg] was increased from 1 
to 8 mM, the effect of presynaptic polarization on 
m.e.p.p. frequency was greatly reduced. (Fig. 3*6a , 
closed circles). However, it was clear that this was 
not brought about by a simple reduction of the 
exponential constant of the release-current function. 
Rather, the gradient of this function was reduced more 
at lower than at higher rates of release. Moreover, 
it could be predicted that the function in high [Mg], 
(Fig. 3»6A, dotted line), would eventually become 
parallel to the one in normal [Mg] (Fig. 3»6A open 
circles). This prediction was substantiated in a 
further similar experiment, shown in Fig. 3«6B, where 
the upper region of the release-current function in 8 mM 
Mg, (Fig. 3«6B closed circles), appeared to be parallel 
to the function in normal [Mg] (Fig. 3»6B, open circles) 
These results provided a strong indication that 
the effects of increased [Mg] on the relationship 
between spontaneous release and presynaptic polarization 
resembled closely those of reduced [Ca] (Fig. 3«^)»
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Fig. 3.7 The relationship between m.e.p.p. Frequency 
and bathing I Kj. Ordinate: m.e.p.p. frequency.
Abscissa: K J in mM. Note logarithmic scale of both
axes. The period of recording was 3 to 8 minutes 
after changing bathing [K j from 3 mM to that indicated^ 
(’Early’ K kinetics). Bathing osmolarity was kOO 
m-osmoles/l and the tetrodotoxin concentration: 
lp/ml. Each point represents frequencies recorded 
at 8 to 16 junctions in each of two experiments. The 
bars indicate - 1 S.E. Where no bars are shown the 
S.E. was smaller than the symbol used. The experiments 
were performed in [CaJ of 2 mM: open circles. k mM:
closed circles. 0-3 mM: closed triangles and 0.1 mM:
open triangles. The large symbols are the geometric 
means of all control readings at any given [Ca |.
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Effect of Ca on K-induced depolarization of the motor 
nerve terminals.
The results obtained with electrotonic polarization 
of terminals could be confirmed in experiments in which 
the motor terminals were depolarized by increased 
bathing [k ]. M.e.p.p. frequencies were recorded 3 to 8 
mins after changes in [k ] were affected, in order to 
avoid a second slow phase of K action which is probably 
distinct from its depolarizing effect (Gage and 
Quastel 1965)»
The experiments shown in Fig. 3*7 were performed 
at a bathing osmolarity of 400 m-osmoles/l (range 391“ 
411 m-osmoles) to avoid osmotic effects due to the 
increased KC1 concentrations. The effects of increasing 
[k ] were similar in 2 and in 4 mM Ca (Fig. 3*7» open 
and closed circles). When [Ca] was reduced to 0.5 mM 
(closed triangles) and 0.1 mM (open triangles) the 
function relating log. m.e.p.p. frequency to log [k ] 
first showed a progressively smaller initial gradient 
and then tended to increase with a slope similar to 
that obtained in 2 mM Ca. This series of experiments 
thus confirm the results obtained with electrotonic
depolarization of motor nerve terminals.
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It can be calculated from the slope of the 
relationship between log m.e.p.p. frequency and log [k ] 
that a tenfold increase in release will be produced by 
12.5 mV of depolarization. This is a steeper relationship 
than found by Hubbard, Jones and Landau (1967) using a 
similar method, and may be due to a quicker equilibration 
of the bathing solutions because of the higher flow rates 
used in the present study. The value of 12.5 mV may thus 
be an overestimate, but is of the same order of magnitude 
as the slope of the synaptic input-output transfer 
characteristic in the squid giant synapse (Katz and Miledi 
1967d).
Liley (1956c) performed a similar experiment using 
increased [Mg] instead of reduced [Ca] to block the 
effect of depolarization. His results (Liley 1956c Fig. 6) 
suggest a simple linear relationship between log 
frequency and log [k ] in the presence of high [Mg], but 
do not rule out a non-linear relationship of the type 
found in low [Ca] in the present series of experiments.
The effect of increased bathing osmolarity on the 
relationship between release and depolarization.
It was of interest to note that even in 2 mM Ca 
(Fig. 3»7> open circles) m.e.p.p. frequency remained 
insensitive to [k ] lower than 20 mM. This contrasted
F requency
1000 A
F re q u e n c y
250 p B
Fig. 3*8 The effect of increased bathing osmolarity on 
the release-current function. Ordinates: m.e.p.p.s/
sec. Note logarithmic scale.
3.8A The effect of increased bathing osmolarity on 
the 1 early' K kinetics. Abscissa: [kJ. Note
logarithmic scale. The significance of the points 
and of the vertical bars: the same as in Fig. 3«7*
The bathing osmolarity was 325-375 m-osmoles/l: closed
circles; 391-411 m-osmoles/l: open circles; 5 &9 - 6 0 6
m-osmoles/l: closed triangles. The data for the 391-
4ll range is the same as the data obtained in the 
presence of 2 mM-Ca in Fig. 3*7»
3«8B The relationship between m.e.p.p. frequency 
and polarizing currents. Ordinates and abscissae as 
in Fig. 3*1* Bathing osmolarity 608 m-osmoles/l.
Bata from a single .junction.
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with the results of Liley (1956c) and also of Hubbard 
et al. (1967) who found log m.e.p.p. frequency to 
increase linearly with log [k ] when [k ] exceeded 10 mm.
A possible explanation of this difference could be an 
effect of the increased osmolarity in the present 
experiments. To test this, the effect of K on m.e.p.p. 
frequency was examined in the normal osmolarity range 
(325-375 m-osmoles/l. Fig. 3*8, closed circles) and 
also at 600 m-osmoles/l (range 589-606, Fig. 3*8 
closed triangles). In the normal osmolarity range 
the osmotic pressure of the test solutions varied with 
the added KC1. However, only in one of these (30 mM 
KC1 ) was there a change in osmolarity exceeding 10 per 
cent, which at this level of depolarization would 
probably have no additional effect (Hubbard et al.
1968c, Section 5)*
The results, shown in Fig. 3*8, indicate that the 
linear relationship between log m.e.p.p. frequency and 
log [k ] is shifted to the right in a parallel fashion 
with increased osmolarity. Thus, this linear 
relationship started at 10 mM in normal osmolarity 
(Fig. 3*8, closed circles) at 20 mM K in 400 m-osmoles 
(Fig. 3*8, open circles) and at 30 mM in 600 m-osmoles/l 
(Fig. 3*8, closed triangles).
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A similar effect could also be demonstrated by- 
using the electrotonic method of depolarization. In a 
typical experiment (Fig. 3»8b ), m.e.p.p. frequency in 
600 m-osmoles/l started increasing only when a 
considerable depolarization was applied. Similar 
results were obtained in three more units, whereas in 
another the m.e.p.p. frequency increased even with small 
depolarizing currents, indicating a certain variability 
in the osmotic effect.
Two explanations can be suggested for this osmotic 
effect. Firstly, an increased bathing osmolarity may 
increase intracellular [k ], as shown in frog muscle by 
Adrian (1956), thus hyperpolarizing the terminals. In 
addition, the increased osmolarity may release 
membrane-bound Ca and reduce the concentration of 
Ca^X as suggested by Hubbard et al. (1968c) (see 
Section 5)•
The effect of tetrodotoxin (TTX) on m.e.p.p. frequency.
A chance observation prompted an investigation 
into the effects of TTX on the relationship between 
m.e.p.p. frequency and bathing [k ]. The experiments 
were done in the same way as those of Fig. 3*7 and 3*8 A. 
The results of Fi^. 3*9 A were obtained without 
osmotic correction, whereas those of Fig. 3*9 B were
Frequency Frequency
1  100
20 mM 30 40mM 50
Fig. 3.9 The effect of tetrodotoxin (TTX) ons the 
relationship between m.e.p.p. frequency and bathing 
[k J. Ordinates: m.e.p.p. frequency» at 3 to 8 min
after change-over. Abscissae: bathing [k ] in mM.
Note logarithmic scales. . Each
point represents the results of two change-over 
experiments. Bars indicate - 1 S.E., except when 
the error is smaller than the symbol used. Open 
circles: no TTX.Closed circles: 10~6g/mi TTX.
Large symbols indicate the mean of all control 
readings in 3 mM-KCl. In
A control osmolarity was 323 m-osmoles/1. In B it was 
400 m-osmoles/l.
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done in solutions corrected to 400 m-osmoles/l. In 
both, situations the addition of 10 ^g/ ml TTX to the 
bathing solution reduced m.e.p.p. frequency, (Fig. 3*9 A, 
B closed circles) apparently by a constant factor.
These results differ from those of Katz and Miledi 
(1967b) and Elmqvist and Feldman (1965b). However, 
it cannot be excluded that the present results are 
due to some contaminant in the commercial preparation 
of TTX (Sankyo). Alternatively TTX may reduce slightly 
the influx of Ca into the terminals (Watanabe 1967)- 
Kusano, Livengood and Werman(1967) suggested a similar 
explanation for the block in transmission they found in 
relatively high TTX concentrations.
As TTX reduced m.e.p.p. frequency by a constant 
factor over a wide range of m.e.p.p. frequencies, and as 
it was kept constant in any one experiment in the 
present study, this effect should not introduce any 
serious error into the results of the present 
investigation.
An examination of * anodic breakdown1.
A phenomenon was occasionally encountered in the 
present investigation, which had not been found by Liley 
(1956c ): the occasional occurrence of greatly increased
m.e.p.p. frequency in the presence of hyperpolarizing
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currents (’anodic breakdown', del Castillo and Katz 
195^c, Katz and Miledi 1965a). This is not surprising 
in view of the fact that the range of current strengths 
explored was probably bigger in the present investigation 
than in that of Liley. Thus, Liley’s curves show 
increases in frequency of by 10-50 fold of control 
values by depolarization, whereas effects greater than 
100-fold were often observed in the present experiments.
In four units out of 13 at r}2° - 3^°C, and in 2 
out of 7 at 37° - 39°» the application of strong 
electrotonic hyperpolarization resulted in a sudden 
dramatic increase in m.e.p.p. frequency. The onset, 
though abrupt, was not linked to the onset of the 
current and the frequency stayed up for many seconds 
after the current was withdrawn. During the application 
of the current the m.e.p.p.s sometimes occurred in 
short, high frequency bursts. In general these 
phenomena resembled the 'anodic break down' found by 
del Castillo and Katz (195^) and Katz and Miledi (1965a) 
in frog neuro-muscular junctions. To rule out the 
possibility of the 'break-down' occurring in the phrenic 
nerve near the aperture where the currents were most 
intense, rather than at the nerve terminals, the focal 
method of polarization of Hubbard and Willis (1962b, 1968)
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was employed. Experiments were performed both in normal 
[Ca] and in a [Caj reduced to 10 by the use of an 
EDTA buffer (Methods, Table 1 solution 3)* The currents 
applied with this method were smaller than with the 
electrotonic method, and usually did not exceed 100 (JA. 
Due to the increased efficiency of the method such 
currents were sufficient to produce intense 
depolarization of the terminals. It was noted, however, 
that local muscle contracture developed during the 
passage of focal polarizing currents (Lucas, 1908; 
Kuffler, 19^6; Huxley and Taylor, 1958)* The focal 
experiments had to be performed, therefore, in the 
presence of increased osmolarity, (600 m-osmoles/l) 
(Hodgkin and Horowicz, 1957; Howarth, 1958), which was 
found upon microscopic inspection (enlargement by 40) 
to abolish the muscle contracture.
When hyperpolarizing currents were applied, ’anodic 
break down’ could be readily obtained and was found in 
9 units in normal [Caj and in 5 units in reduced [Ca].
An interesting variant of this phenomenon was also 
found, the increase in m.e.p.p. frequency occurring 
within 1 - 2  sec after the application of the anodic 
current and subsiding within 1 - 2  sec after the 
current was switched off. This was found in 3 units
s/s d d a iu)
f 100 jjA 100 >jA
© ©
© © ©
Fig. 3*10 The effect of a focally applied anodic 
current on m.e.p.p. frequency. Ordinate: m.e.p.p.
frequency. Note logarithmic scale. Abscissa: time
in secs. Resting frequency: closed circles.
Frequency during the application of current (100 pA) 
dotted circles. Horizontal bars denote periods of 
application of current. The current strength is 
shown above each horizontal bar. Data from a single 
junc tion.
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in normal [CaJ and in 2 units in reduced [Ca], m.e.p.p. 
frequency in all but one being too low for closer 
definition. However, in one experiment in normal [Ca] 
illustrated in Fig. 3*10» the effect was large enough, 
to show that this type of anodal acceleration had a 
very rapid phase in both the ’on1 and ’off’ responses, 
which was clearly evident when the switching artefact 
(about 10 msec) subsided. This finding is of 
considerable theoretical interest as complementing the 
findings of Katz and Miledi (19679) and Kusano,
Livengood and Werman (1967)* These investigators 
found that the onset of a post-synaptic responses to very 
intense presynaptic depolarizing current pulses was 
delayed, due to a potential difference (p.d.) appearing 
across the presynaptic membrane, which opposed the influx 
into the terminals of positively charged, probably Ca, 
ions. The present findings of an anodic acceleration 
of release with a rapid ’on’ and ’off’ phase may have a 
similar explanation: an increase in the p.d. across the
membrane, but now in a direction aiding the influx of 
positively charged particles, even without a 
corresponding increase in permeability. The fact that 
a similar effect was also attained in a [Ca] of 10  ^M 
indicates that positively charged particles other than
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Ca (perhaps other complex forms of X) may also produce 
this effect*
Discussion
In discussing the results it is worthwile to 
consider first two errors inherent in the electrotonic 
method of depolarization, produced by the effects of 
Ca and Mg on membrane resistance and ’delayed 
rectification’, (Luttgau 195^» Weidmann, 1955? Shanes, 1958aj 
Frankenhaeuser, 1957» Frankenhaeuser and Hodgkin 1957j 
Shanes, Freygang, Grundfest and Amatniek, 1959)* The 
second of these effects in particular, would tend to 
reduce the amount of current entering the nerve at the 
notch during depolarization and increase the electrotonic 
spread from it, as bathing [Ca] is increased.
The potential difference (v) developed across the 
nerve input resistance (Rn) at the notch will be 
insensitive to changes in the nerve input resistance 
provided it is small compared with the parallel shunt 
resistance (Rs). This can be derived from the 
relationship:
I.Rs
i Rs \1 + W 3.1
where I is the total current passing through the notch.
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The effects of Ca and Mg on the electrotonic spread 
of the potential change (v)  from the notch cannot be 
serious for the following reasons: the effect of Ca on
K permeability (and hence on ’delayed rectification’) 
is reduced in high [ K I (Schmidt i960), and therefore 
the results of Fig, and 3 -6 are probably little
distorted. The similarity of the results in low [Ca]
(Fig. 3.4) and high [Mg] (Fig. 3*5» 3*6, cf. Frankenhaeuser
and Meves, 1958) and the confirmation obtained from 
the experiments with K-induced depolarization (Fig. 3*7) 
further reduce the likelihood that this error in 
method affected the present results.
What, then, can be deduced from the present results 
concerning the way Ca, Mg and depolarization interact 
in modifying transmitter release?
The assumption basic to this discussion is that 
evoked release represents a momentary acceleration of 
resting release (Liley 1958c, Katz 1962 , 1966). However, 
evoked release is far more sensitive to changes in 
bathing [Ca] and [Mg] than resting release. How is this 
increased sensitivity^ produced? If we assume further 
that this modified state of affairs is mainly due to the 
depolarizing effect of the nerve action potential (n.a.p.), 
then its cause will presumably be found in the function 
relating release to depolarization.
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This function appears to be exponential when release 
increases over 2 or 3 orders of magnitude, (Liley 1956c, 
Katz and Miledi 1967d) but in this range cannot be 
distinguished from a power function. For instance, if 
the concentration of ’active’ Ca in the terminals were 
to increase linearily with depolarization, then release 
would increase as the third or fourth power of 
depolarization (Hubbard, Jones and Landau 1968b, Dodge 
and Rahaminoff 1967a,b). However, it can be estimated 
that during the n.a.p. release rates increase by 6 or 
7 orders of magnitude, (Hubbard, Jones and Landau 
1968b, Section 2). The slope of, say, a quartic 
function plotted on semi-log coordinates would 
decrease very considerably over such a range, whereas 
the slope of an expoential relationship would remain 
unchanged. Indeed, the exponential constant at the 
upper region of the release-depolarization relationship 
in the squid giant synapse (Katz and Miledi 1967d) is 
similar to the one found in the present study thus 
suggesting that the function relating release to 
depolarization is truly exponential.
Assuming an exponential release-depolarization 
function one can construct theoretical curves using
Co 2
Co 0 5 Co 0 5
Mg 15
Fig. 3.11 The theoretical relationship between 
quantal release and nerve terminal pölarization at 
various [Ca] and [Mg]. Ordinates: quantal release
in quanta/ sec. Note logarithmic scale. Abscissae: 
Polarization in arbitrary units. The positive 
direction denotes depolarization, the negative - 
hyperpolarization. Vertical broken lines denote 
the resting membrane potential level. The dotted lines 
indicate the approximate range of polarization levels 
and frequencies encountered in the present study. For 
details see Discussion.
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an arbitrary depolarization scale, such that 1 unit 
of depolarization produces a 10 fold increase in quantal 
release rate. The normal e.p.p. will thus be produced 
by about 6 arbitrary depolarization units.
The transition from a small sensitivity to Ca and 
Mg at 0 depolarization (Fig. 3*11» "broken . lines) to 
an enhanced sensitivity at, say, 6 units of
depolarization could occur in 3 different ways. Firstly, 
as suggested by Liley (l^^6c) the release-depolarization 
function may retain its simple exponential character 
but change its slope (exponential constant) when plotted 
on semi-logarithmic coordinates. This would produce a 
family of curves as in Fig. 3 »HA* Alternatively a 
deviation from the simple exponential relationship 
instead of a change in the exponential constant may 
explain the increased sensitivity of the release 
mechanism to Ca at high release rates. This could 
happen in many ways, but only a few variants will be 
discussed. Moreover, only variants where at least some 
part of the function is exponential will be considered.
The deviation from a simple exponential dependence 
of release on depolarisation can occur in two ways. 
First, as shown in Fig. 3 • H B > the deviation may occur 
in the lower ranges of release rate and second, the
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curves may first retain their exponential character 
but start deviating in the upper regions of the release- 
current transfer function. These various forms have 
functional significance. Thus, a situation like in 
Fig. 3.11A indicates that Ca acts in an ’exponential 
manner’, increasing the exponent of the function relating 
to depolarization. This could happen for instance 
if Ca reduced a diffusion barrier for the release of 
quanta. In the situation of Fig.3»HB depolarization 
multiplies a Ca-sensitive fraction of spontaneous 
release, but the rate of multiplication is independent 
of [Ca], as suggested by Hubbard, Jones and Landau 
(1968b, Section 2). A variation of this situation, 
where the curves are exponential in low [Ca], but have 
a steeper initial part in high [Ca], could occur if 
the limit for the effect of Ca on m.e.p.p. frequency 
was not caused by an active site being saturated but 
by limited access to this site, which would then be 
enhanced by nerve terminal depolarization (Curtis, 1966). 
Finally, the curves of Fig. 3»He may be obtained if a 
Ca sensitive process instead of a Ca insensitive one 
becomes rate limiting in the chain of reactions
leading to release.
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In the present study depolarisation levels of up 
to 3 arbitrary units were obtained (Fig. 3*11» dotted 
lines). It is evident that the experimental situation
(Fig. 3.4, 3»5> 3*6, 3.7) is best described by the 
family of curves of Fig. 3*HB.
As already stated, the model suggested by Hubbard, 
Jones and Landau (1968b) (see Section 2) would predict 
a situation like that of Fig. 3*HB. Using the 
formula 2.8 (Section 2)
Quantal release rate
exponentially with depolarization, it was attempted 
to fit theoretical curves to the data of Figs. 3»4a 
and 3.5.
The fitting was done assuming the following constants 
for Equation 2.8: (Hubbard, Jones and Landau 1968b)
[Mg]3 )
K
K
k = 6.21 x 10“2ko o 3
k± = 2.17 x k^
= 1 x 10"2M
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K6 = 9-33 x 10 M
The values Tor m.e.p.p. frequency at various [Caj
V = 9*2 quanta/seo
and [Mg] were computed Tor a 10 Told increase or
decrease in k^, Tor 100 Told increase or decrease in 
and so on. A problem here was that the control 
m.e.p.p. Trequency in individual units in normal [Ca j was
slightly diTTerent Trom the average value reported by 
Hubbard et al (1968a) (see Section 2) and used in 
computing the various rate and dissociation constants 
(Hubbard et al. 1968b). To overcome this the whole 
set oT computed m.e.p.p. Trequencies was normalized 
in each case to the actual control Trequency in 
2 mM-Ca. This would be Tormally equivalent to a 
similar modiTication in Xt, the total concentration 
oT all X species. The curves in Fig. 3*^A were thus 
normalized to a control Trequency 1.8/sec (instead oT 
2.3/sec, see Section 2) and those oT Fig. 3*5 were 
normalized to a control Trequency oT 1.3/sec.
In the next stage the current strength was 
determined at which the observed m.e.p.p. Trequency 
in normal [CaJ corresponded to the one computed Tor a
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10 fold increase in k ^ . This was 500[-lA in the case of
Fig. and 279M-A- in Fig. 3»5» The estimates for a
hundred fold increase in k^ were then placed at twice 
this current strength, and so on. Similarly the 
estimates for 0.1 k^ etc. were placed at corresponding 
points in the negative (hyperpolarizing) direction. The 
same current scale was used for both depolarising and 
hyperpolarizing currents and for all the curves in the 
same figure.
As can be seen in Fig. 3*^ -A, the fit with the
results in the depolarising range was reasonably good.
A large deviation, however, occurred in the 
hyperpolarizing range, which was larger the higher the 
j_Ca]. This was so because the depression of m.e.p.p. 
frequency by hyperpolarisation could be expected to 
increase in higher [Ca], as the effect of a reduction 
in k^ would be more prominent the higher the 
concentration of Ca^X. In contrast, the release-current 
function in high [Ca] was practically flat in the 
hyperpolarizing range, (Fig. 3 #4A) and this was found 
in all 8 experiments in high [Ca]. This discrepancy 
could be explained simply by assuming that k^ did not 
continue to decrease exponentially with hyperpolarization. 
It is quite possible for the release mechanism to have 
a ’base line’ activity from which it cannot be reduced.
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A good fit was also obtained with the data of 
Fig. 3.5, with the deviation on the hyperpolarizing 
side being predictably more marked in low than in high 
[Mg]. The fit obtained between the model and the 
experimental results may be somewhat fortuitious. 
However, it indicates that the basic concepts 
inherent in the model are probably correct. These 
include the ‘buffering* activity of depolarization- 
insensitive forms of release at high levels of 
membrane potential and the exponential acceleration 
with depolarization, at a rate independent of bathing 
[Ca], of a Ca-sensitive form of release. Most of the 
properties of the model could be explained if 
depolarization were to reduce a diffusion barrier for 
the entry of Ca^X into the terminals - as suggested 
by the *Ca hypothesis’, (Katz and Miledi 1967d, 1968).
An inward movement of charged X complexes in general 
may indeed by a step in release as indicated by the 
experiments with strong anodal currents (Fig. 3 • 10 ) •
Two difficulties remain. Firstly, the present technique 
of depolarization does not approximate well the rapid 
time course of the nerve action potential (n.a.p.).
The amount of transmitter released in the wake of a 
brief depolarizing pulse, has been shown to depend on
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a number of time-dependent functions (Katz and Miledi 
1 9 6 7 a,c, 1 9 6 8 ). These include a progressive increase 
in release when presynaptic depolarization was 
prolonged over 2-3 m sec ('very early facilitation*
Katz and Miledi 1 9 6 8 ) and a decay in the rate of 
release when the current was withdrawn, probably due to 
the removal of active Ca from the critical release 
sites. An action of Ca on any of these transients may 
produce a different situation to that found in the 
present study (Fig. 3»^> 3*5» 3*6 and 3*7)* For 
instance, Ca may act on the exponential constant of 
the release-current transfer function» (Fig. 3 -11A), as 
was found in the squid giant synapse, using brief 
depolarizing pulses (Katz and Miledi 1967d). However, 
this result may be due to a different kinetic situation 
in that preparation. If, for instance, Ca^X in the 
present model was relatively less active, then the 
range in which the curves of Fig. 3*11^ appeared 
non-parallel could be extended into higher release 
rates. Over a limited range this may be difficult to 
distinguish from a true change in the exponential 
constant due to changes in [Ca]. On the other hand, 
if such an effect of Ca was found even in the present 
preparation, this would have great functional 
significance, as the weight of an exponential term
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in a rate equation generally exceeds that of a 
multiplicative one. Also, such a result would invalidate 
the concept of co-ordinative activity of Ca in release 
(Dodge and Rahamimoff 1967a,b, Hubbard, Jones and 
Landau 1968,a,b, (Section 2 )) as the distinctly non­
linear Ca-kinetics observed could be simply explained if 
Ca acted in an ’exponential manner1.
A second problem in the present analysis stems from! 
the insensitivity of spontaneous release to changes in 
’n' (Fig. 3*2, 3*3)* It was generally assumed that the
rate of release equals n/by p; the size of the 
available store time^ multiplied by the probability of 
release from it (del Castillo and Katz 195^ t>) . Ca is 
known to affect ’p ’ in a selective manner (see Fig. 1.6, 
Section l) and hence all the effects produced by Ca 
and depolarization were tacitly assumed to affect ’p’ 
alone. However, the relationship between release, n 
and p appears to be more complex. For instance, the 
following relationship would seem to fit the present 
results (Fig. 3*2; 3*3) more accurately,
release = -f1-^  ■ 3*2n+kp
This could indicate a situation where n and p each 
represented a substrate in the system, both substrates 
combining with a common site for release to occur.
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Most simply ,nl could represent synaptic vesicles and
* p* the concentration of* Ca^X- combining at a release 
site on the inside of the nerve terminal membrane. When 
1p* was low, -'n ’ saturated the site, and when 1 p! was 
high, -'p1 saturated the site. This could explain the 
well known discrepancy between the effects of pre- 
synaptic hyperpolarization on e.p.p.fs and on m.e.p.p.’s 
(Fig. 3*2; 3*3) and also some other phenomena like the 
reduced effect of presynaptic depolarization on *n* in 
the presence of high [Mg] (Hubbard and Willis 1968) and 
the insensitivity of sustained tetanic release to 
changes in [CaJ at high rates of stimulation (Gage and 
Quastel 1965, Fig. 1.6, Section l). On the other hand,
a relationship like that of equation 3*2 would produce 
a limiting value for release even if [Ca] did not 
saturate some active site (x). Also, the analysis of
* n* and * p* according to Gage and Quastel (1965,
Section l) would then prove a worse approximation to the 
events occurring during a tetanic train. Thus, the fp* 
calculated according to Gage and Quastel (I.965) would 
tend to increase as ’n* fell, a fact often observed
but usually attributed to facilitation. However, it is 
impossible at present to determine the importance for 
evoked release of the correction introduced by equation
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3 ♦ 2 * The fact that the saturating concentrations of Ca 
for both e.p.p.s and m.e.p.p.s are the same (Fig. 2.4; 
2.9) Section 2) and that the effects of hyperpolarizing 
currents on e.p.p. amplitude are unchanged when [Ca] 
is raised (Hubbard, personal communication), indicates 
that the * p* probably does not reach saturation 
levels in the physiological range. Moreover, this 
*p saturation* would tend to mask rather than to 
enhance the Ca sensitivity of evoked release which is 
the basis of the present analysis. Thus the present 
model is probably valid, at least in a qualitative way, 
explaining the effects of Ca and Mg on transmitter 
release over a wide range of depolarization levels 
and providing a useful working hypothesis for further 
exploration of the release process.
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SECTION k
The effects of potassium ions on transmitter release
Introduction
The present investigation was prompted by the studies 
of Gage and Quastel (1966) and of Elmqvist and Feldman 
(1966) who found that the rate of spontaneous release 
of Ach at rat neuromuscular junctions was reduced in 
vitro when the bathing [Ca] was raised above 2 mM. These 
findings, obtained in the presence of increased [k ], 
differ markedly from the results of Section 2 of this 
thesis where no similar effects could be found, even when 
[Ca] was raised to 10 mM and above, in the presence of 
normal [k ].
It was inferred from the results of the authors 
mentioned above that the effects of high [Ca] were in 
some way connected with the presence of high [K ] in their 
experiments. The kinetic effects of Ca on both the 
spontaneous and evoked transmitter release over a 
range of potassium concentrations, [k ], were therefore 
determined, and the tentative conclusion was reached 
that the 'inhibitory1 effect of Ca on spontaneous 
release might be mediated through nerve terminal
hyperpolarization.
Frequency
Fig. 4.1 Time course of the effect of K on m.e.p.p. 
frequency. Ordinate: m.e.p.p. frequency. Abscissa:
time in min. Bathing [kJ was increased at the first 
vertical dotted line from 5 to 16 mM and at the second 
dotted line was again reduced to 5 m M . The horizontal 
lines represent mean m.e.p.p. frequency and indicate 
the time interval over which the individual m.e.p.p. 
frequencies were sampled.
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A second, related problem was the slow time course
of the acceleration of spontaneous release in high [k ],
reported by Gage and Quastel (1963)» Such a result
suggested that K could have an action on transmitter
release separate from its depolarizing effect. As a
consequence some experiments were done to elucidate
this point, but no firm conclusions could be reached.
Results
Time course of the K effect 
When miniature end plate potential (m.e.p.p.)
frequency was sampled repeatedly in one small area of 
the muscle, the frequency increased slowly when the 
bathing |_k ] was raised from 5 to 16 mM. The time 
course of this increase was of the order of some 60 min, 
and half of the final effect was attained within 18 min 
of the change-over of solutions (Fig. 4.l). In a 
second similar experiment the half-time was also 18 min. 
This time course was similar to that found by Gage and 
Quastel (1963)» using the rat neuromuscular junction, 
for the effect of 20 mM K. When [k ] was increased to 
only 10 mM, the m.e.p.p. frequency change was complete 
within 30 min, and the half-time was 12 min. In 
another experiment j_K] was raised to 30 mM. The m.e.p.p. 
frequency increased rapidly, and became too high for 
counting within 3 min after the change-over, but no
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evidence could be obtained for the subsequent fall in 
frequency which has been reported by Elmqvist (.I965) and 
Elmqvist and Feldman (1966) at comparable potassium 
concentrations, [k ], using the human intercostal 
muscle and the rat diaphragm preparations. This 
difference may be due to a less effective acetylcholine 
(Ach) synthesis ojji: these preparations, which necessitated, 
for instance, the inclusion of choline in their bathing 
medium (Elmqvist and Quastel 1965a, Elmqvist 1965,
Feldman personal communication).
When the [K| of the bathing solution of the 
preparation of Fig. 4.1 was reduced from 16 to 5 mM, 
the m.e.p.p. frequency fell quite rapidly, and reached 
control levels within 15 min after the change-over 
(Fig. 4.l). The effect of potassium ions on the m.e.p.p. 
frequency thus exhibited a marked asymmetry between its 
•on' and 'off* phases. Similar results were also found 
in two other preparations where the m.e.p.p. frequency 
was recorded at a single junction while the bathing [k ] 
was changed. Such asymmetry was not found by Takeuchi 
and Takeuchi (1961) in the frog neuromuscular junction, 
but the reason for this difference is not clear.
The time course of the K action was probably 
unaffected by changes in temperature. Thus, in one
138
experiment at room termperature (23°C), the time course 
of the K effect was identical to that shown in Fig. 4.1 
(33-34°c).
The asymmetrical time-course of the overall K- 
effect (Fig, 4.l) could readily be explained. If 
potassium had two actions on the spontaneous release of 
Ach (Gage and Quastel, I9 6 5 ), which interacted in a 
multiplicative manner: one with a rapid ’on* and 'off* ,
probably due to changes in pre-synaptic membrane 
potential, and the other with a slower time course 
for both its 'o n ! and 'off* effects. Therefore an 
attempt was made to separate these two K actions 
by testing the effect of increased [KJ on the various 
parameters of evoked release as defined in Section 
1. This was done in four experiments where the 
phrenic nerve was stimulated tetanically (40 stimuli 
at 100/sec) at 1 min intervals. The resulting e.p.p.s 
were recorded from a single junction while the [k  ] was 
raised from 5 to 15 m M , and the release parameters 
computed as described in Section 1. In two experiments 
it was possible to record from a junction long enough 
to examine the effects on the release parameters of 
reducing the [K ] back to 5 m M . The results of one such 
experiment are shown in Fig. 4.2. It can be seen that
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Fig. 4.2 The effect of K on various release 
parameters. A shows sample tetani in the control 
solution (5mM-KCl), at 7 and 28 mins after the 
exhibition of 15 mM KC1 and 3 min after return to 
control. The ordinates indicate: B, muscle resting
potential (RP) in mV. C, size of first e.p.p. in 
tetanic train (m), in quantal units. D, level 
of sustained tetanic release (dm) in quantal units. 
E, quantal size, corrected for changes in R P , in 
p V . F, immediately available quantal store (n).
G, average probability of release (p)* Abscissa: 
time in mins. Each point is the average value 
from five tetani recorded at 1 min intervals, and 
is placed in the centre of the time interval 
which it represents. Corresponding points in figs.
B to G were computed from the same tetani.
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quantal size (q) was not significantly altered by
increased [k ] (Fig. 4.2E), if allowance is made for
changes in the resting potential (Fig. 4.2B, see also
Katz and Thesleff, 1957)»
In raised [k ] the mean quantal content (m) was
found to increase (Fig. 4.2C) (Liley, 1956d, Takeuchi
and Takeuchi I96I, Edwards and Ikeda 1962), as was the
sustained level of tetanic release (dm) (Fig. 4.2D).
The increase in 1 m’ could be further separated into
changes in * n* (the readily available store of quanta,
Fig. 4.2F) and 'p* (the average probability of release
from this store, Fig. 4.2G). The *p* changes appeared
to be more rapid than the ’n ’ changes, suggesting that
the second 1 slow* action of K might involve the
mobilization of transmitter quanta into the store 1 n'
(Parsons, Hofmann and Feigen, 1 9 6 5)» Another function,
not shown in Fig. 4.2, was facilitation (dp). This was
found to be significantly reduced from 20.2 - 4.9 (1S.E.)
, +cent in 5 mM-K to 6.0 - 1.7 per cent, 5-30 min after 
change-over to 15 mM K (cf. Liley, 195^d). The increase 
in ’p ’ (Liley and North, 1953» Parsons, Hofmann and 
Feigen, 1965) was found in all four experiments. In 
three of these the changes in ' p' were rapid and 
paralleled the changes in the muscle resting potential.
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In a fourth experiment the value of ’ p ’ kept increasing 
for 15 min. In three experiments * n' and ’dm* were 
found to increase slowly and in parallel for at least 
15 min, whereas no significant increase in these 
parameters occurred in a fourth experiment. Facilitation 
was reduced significantly (p< 5 per cent, t-test) in 
high [k ] in 2 experiments, was unchanged in one and 
increased in yet another. The rapid reduction in all 
release parameters (except ’dp1) occurring upon return 
to 5 niM-K (Fig. 4.2) was obtained in both experiments 
where these observations were possible. The changes 
in the release parameters due to K thus exhibited some 
variability, but the results of Fig. 4.2 would seem to 
be largely representative. None of these effects can 
be explained by nerve terminal depolarization by potassium 
ions (Hubbard, Schmidt and Yokota, 1965), as this would 
tend to cause a reduction in ’n* alone (Hubbard and 
Willis, 1962c, 1968; Fig. 3.2, Section 3 )* The increase 
in ’ p* may indicate an interaction of K with Ca in the 
release mechanism (cf. Fig. 1.6 Section l). The increase 
in quantal store (n) and rate of mobilization (dm) 
could be explained if increased bathing [k ] induce a 
small increase in the intracellular [k ] of the terminals
Frequency Frequency
Fig. 4.3 The relationship between [Ca], [k ] and
m.e.p.p. frequency. Ordinates: m.e.p.p. frequency
on a logarithmic scale. Abscissae: A, [k ] in mM 
on a logarithmic scale. B, [Ca] in mM. In A the
relationship between 
shown for a range of
K] and m.e.p.p. frequency is 
Ca] and in B the relationship 
between m.e.p.p. frequency and [Ca] is shown for a 
range of [k ]. Some of the data shown in A is also 
included in B. Points represent average m.e.p.p. 
frequency of 100 to 200 junctions in 2 to 4 
diaphragms. Bars indicate - 1 S.E., except when 
the S.E. is smaller than the symbol used.
(Wallin, 1966) which in turn affected the rate of 
transmitter synthesis (Feldberg 19^5 cf. Lubin, 1967)* 
However, this leaves unexplained the asymmetry of the 
K-effect on both m.e.p.p. frequency (Fig. 4.l) and 
e.p.p. quantal content (Fig. 4.2). Moreover, changes 
in *n’, the quantal store, have been shown not to 
affect m.e.p.p. frequency (Section 3» Fig. 3 *2 , Fig. 3»3)* 
It is thus possible that there is an action of K on 
release which multiplies all the release parameters, 
including m.e.p.p. frequency, and is responsible for 
the distinctive form of the time courses shown in Fig.
4.1, 4.2. There seems at present no way to define 
further this action of K.
The effect of K on the relationship between Ca, Mg and 
spontaneous release
Average m.e.p.p. frequencies were obtained from a 
large number of junctions in preparations fully 
equilibrated in various concentrations of Ca, Mg and K 
in the manner of the experiments described in Fig. 2 .4- 
2.7 (Section 2). The Ca-K interaction is shown in Fig. 
4.3» and the Mg-K interaction in Fig. 4.5» The 
relationship between [k ] and m.e.p.p. frequency shown in 
Fig. 4.3A qualitatively resembles that obtained after 
shorter exposures to solutions with a modified [k ], and
Fig. 4.4 Competitive inhibition of Ca by Mg. The 
points indicating mean m.e.p.p. frequency in various 
[Ca] and [Mg], all in the presence of 15 mM-KCl, are 
plotted on reciprocal scales. The experiments (some 
of which are also shown in Fig. 4.3 and 4.5) were 
carried out in the presence of 3 mM-MgCl9 (open 
squares), 1 mM-MgCl^ (closed circles) or 0.1 mM-MgCl0 
(open circles).
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which was attributed to the depolarizing action of K.
(Fig. 3*7, 3»8A, Section 3)» Accordingly, changes in
ambient [CaJ failed to affect markedly the slope of the 
relationship between log-m.e.p.p. frequency and log [k ]
(cf. Fig. 3.7, Section 3)» It can be concluded that 
the second ’slow’ phase of K activity probably does 
not affect the relationship between Ca, nerve terminal 
depolarization and spontaneous transmitter release. 
However, when the relationship between [Ca] and m.e.p.p. 
frequency was examined (Fig. 4.3B), the frequency was 
found to decrease in the presence of excessive [Ca], 
when [K j was raised to 10 mM and above. Furthermore, 
at and above [k ] of 10 m M , the curves of Fig. 4.3B 
took their maximum value at increasingly lower calcium 
concentrations [Ca], which is contrasting to the idea 
that the ’inhibitory* effect of Ca was caused by a simple 
competition between Ca and K ions for some active site 
in the release mechanism. When the relationship between 
[Ca] and m.e.p.p. frequency at various [Mg], was plotted 
on double reciprocal scales (Fig. 4.4) the curves 
(drawn without regard to the m.e.p.p. frequencies 
recorded in 8 mM-Ca Cl0 where the ’inhibitory* action 
of Ca occurs) appeared to converge (Fig. 4.4, dotted 
lines) towards the ordinate axis indicating, in aggreement 
with the conclusions of Section 2 (Fig. 2.6), that Ca
Frequency
V  100
mM Frequency 
200
12 mM 14
[Mg]
Fig. 4. 5 The relat ionship between Mg, K and m.e.p.p. 
Frequency. In A the relationship between [_ K J and 
m.e.p.p. frequency is shown in a range of [ Mg j . Note 
logaritlunic scale of both axes. In B the effect of Mg 
on m.e.p.p. frequency is shown in a range of jCaj , in 
the presence of inM-KCl. Some
of the data of A is also shown in B. Note logarithmic 
ordinate. Ordinates: m.e.p.p. frequency. Abscissae:
concentration in mM. Points and ver t ica l  bars have the 
same connotation as in Fig. 4.J
143
and Mg compete for some active site in the process of 
spontaneous transmitter release.
The effect of increasing the bathing [ Mgj on the 
relationship between m.e.p.p. frequency and [k ] 
resembled the effect of reducing [Ca] (Fig. 4.5-A-). The 
relationship between frequency and [Mg] in the presence 
of 15 mM K (Fig. 4.5B) was of the biphasic form 
characteristic of the same relationship in 3 mM-K 
(Fig. 2.7, Section 2) only when the [Ca] was 0.6 or 0.1 
mM (Fig. 4.4b , open and closed circles). In 2 or 8 mM 
Ca, elevation of the [Mg] depressed the frequency over 
the whole range of [Mgj (Fig. 4.5B, open and closed 
squares). Evidence suggesting that Ca competes with 
Mg, and so suppresses this excitatory action of Mg, was 
presented in Section 2 (Fig. 2 .7 ) > and the present 
results indicate that Ca is more effective in this 
action in the presence of 15 mM K. This could be 
either due to the greater activity of the Ca^X complex 
species produced by the depolarization of the nerve 
terminal membrane (cf. Sections 2, 3) or to a change
in the nature of the receptor X (cf. Section 2) causing 
an increase in its affinity to Ca ions, which may also 
be suggested by the increase in the parameter *p*
found in high K (Fig. 4.2,G). If the affinity of X to.
Frequency
250 r
Fig. 4.6 Time course of the Ca induced depression of 
m.e.p.p. frequency. The results of two different 
experiments are shown. Ordinate: m.e.p.p. frequency
on a logarithmic scale. Abscissa: time in minutes.
Filled circles represent an experiment where [Ca] was 
2 mM throughout. Open circles were similarly obtained 
in 8 mM-Ca. The points representing mean m.e.p.p. 
frequency are placed in the centre of the time 
interval (horizontal line) during which the individual 
m.e.p.p. frequencies were recorded. At the first vertical 
broken line, [k ] was increased from 5 to 20 mM. The 
second vertical broken line indicates the approximate 
time at which the two curves became parallel. The 
points between the two broken vertical lines represent 
recordings from a single cell in each of the two 
experiments. Other points represent average m.e.p.p. 
frequency from 11 to 17 junctions. The open and 
closed squares each indicate the average m.e.p.p. 
frequency obtained from 100 junctions in 2 diaphragms 
in 2 and in 8 mM-Ca respectively. Same data also shown 
in Fig. 4.3.
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Ca + f was indeed increased in the presence of h i g h  [K ] 
then the 'inhibitory* action of Ca u n der the same 
conditions might be due to the for m a t i o n  of an inactive 
complex of X with Ca r e s u l t i n g  in so-called Ca 
'substrate inhibition' (Gage and Quastel, 1966). To 
examine this p o s s i b i l i t y  two types of e xperiments were 
performed. First, an attempt was made to find out 
wh e t h e r  the 'inhibitory' effect of Ca was caused by 
the 'early' or by  the 'late' a c t i o n  of K, and second, 
the effects of Ca on e.p.p. quantal content were 
ex a m i n e d  in the presence of elevated [K ].
An investigation of the time course of the interaction 
between Ca and K .
This problem was i nvestigated in the f o l l owing 
manner. A p r e p a r a t i o n  was e q u i l i b r a t e d  in a so l u t i o n  
c o n t a i n i n g  2 rnM-Ca and 5 mM-K, and was then exposed to 
a s o l ution c o n t aining the same [CaJ and 15 mM K. Changes 
in m.e.p.p. fre q u e n c y  were followed b y  m u l tiple s a m p l i n g  
in the m a n n e r  of Fig. 4.1 (Fig. 4.6, closed circles).
A similar experiment was done in a second preparation, 
but the [Ca j was 8 mM throughout (Fig. 4.6, open 
circles). When the two time courses are plotted in 
one g r aph it can be seen c l e arly that the 'inhibitory' 
action of Ca appears at an early stage of the K  effect. 
The curves for 2 and 8 mM-Ca (Fig. 4.6, closed and open
mCCa] m M
Itf't'7 Th? reJationship between bathing [C;
he mean quantal content (m) of e d d s -i n i h> 
presenee of 15 mM-K (closed c i r d e s j ^ d  10 ^  
( osed squares) Bars indicate - 1 S.E. Not.
o g a n  thmic scale of both axes. The line is tj 
same as in Fig. 2 .9 . J
and
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circles) cross at about 5 min after the change in [k ], 
and are largely parallel at 10 min after this change-over. 
The ’inhibitory' action of Ca on spontaneous release, 
found in high |K|, thus seems to be due to the ’early’ 
K-effect, which is largely identical with its effect on 
the terminal membrane resting potential.
The effect of Ca on e.p.p. quantal content in the presence 
of elevated [k ].
Average quantal content estimates (m) were obtained 
in the manner of Fig. 2.9» Section 2, in solutions of 
various calcium concentrations [Ca] in the presence of 
both 10 mM K (Fig. 4.7* squares) and 15 mM K (Fig. 4.7 
circles). Experiments were not possible at the lower 
range of [CaJ in the presence of 15 mM K, probably 
because of nerve conduction failure. (Frankenhaeuser,
1957 ; Frankenhaeuser and Hodgkin 1957; Shanes 1958^0 •
The relationship between ’m’ and [Ca] in elevated 
bathing [k ] was found to resemble closely that obtained 
in the presence of 5 mM K (Fig. 2.10, Fig. 4.7» full 
line), and showed no indication of an ’inhibitory’ effect 
of Ca on ’m’. However, this method of determining ’m', 
is probably not very reliable, since an increased value
I
could not be demonstrated in raised [k ], as for example 
in Fig. 4.2.
Fig. 4.8 The effect of Ca on some release parameters 
in the presence of 15 mM-K. Ordinates: A, immediately
available store of quanta (n). B; average probability 
of release (p). C, mean quantal content in quantal 
units (m). For derivation see text. Abscissa: time
in mins. At the vertical broken line bathing [Ca] was 
reduced from 8 to 2 mM. Corresponding points in A, B 
and C are derived from the same tetanus. Tetani were 
elicited at 1 min intervals. Temperature of experiment: 
33 - 34°C.
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It was therefore decided to follow changes in ’m ’,
’n ’ and ’p ’ in single junctions in 15 mM-K, produced by- 
changes in [Ca]. The results of one such experiment 
are shown in Fig. 4.8* In this experiment the [Ca] was 
reduced from 8 to 2 mM. A prompt fall in ’m ’ occurred 
(Fig. 4.8c), which was predictably due to a reduction 
in ’p ’ (Fig. 4.8b ). In another similar experiment, when 
the [Ca] was increased from 2 to 8 mM, the value of ’m ’ 
increased with a time course similar to the fall shown 
in Fig. 4.80. In this particular unit, surprisingly, 
not only ’p* but also ’n ’ increased slightly but this 
could have been due to a change in »q* which may not have 
been detected from the relatively inaccurate ’ q’ estimates. 
These results thus support the conclusion drawn from
Fig. 4.7, that Ca does not exert its ’inhibitory’ ac tion
on e.p .p . quantal content, even when K was raised to 15
mM.
Discussion
The present results, though supporting the concept 
of Gage and Quastel (1965) that K has two actions on 
transmitter release, shed very little light on the 
’late1 K-effect. The * early’ effect also appears to 
be complex. Apart from depolarizing the terminals, 
increased K also causes an increase in ’p ’, the
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probability of release of quanta by the nerve impulse, 
and reveals an ’inhibitory1 effect of Ca on spontaneous 
release. It is difficult to conceive of a simple 
modification in the kinetic model proposed for the 
action of Ca (Section 2, system 2C) which could explain 
all these effects. The small increase in ’ p ’ in high K 
could be due to an increased affinity of X to Ca, if K 
also combined with X and modified its properties. 
Alternatively, the increased [k ] may block the 
removel of active Ca from some critical active sites 
within the nerve terminal membrane (cf. Section l). In 
this way K may play a role in the facilitation of 
transmitter release occurring after a nerve action 
potential, as suggested by Liley and North (1953)*
The ’inhibitory’ effect of Ca on m.e.p.p. 
frequency, which is not paralleled by a similar effect 
on e.p.p. quantal content, presents a more difficult 
problem. The simplest explanation would be a 
hyperpolarization of the motor terminals caused by 
increased jCa] (Elmqvist and Feldman, 1966). A 
reduction in [Ca] causes nerve terminal depolarization 
of frog motor nerve fibres which is maximal at 3 mM-K 
(Schmidt and Stämpfli, 1937; Schmidt, i960), and an 
increase in [Ca] causes a corresponding hyperpolarization
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which is maximal at 10 mM-K (Schmidt, i960). The 
maximum depolarizing effect of Ca-deprivation of rat 
motor nerve fibres is at 10 mM-K (Schmidt and Stämpfli, 
1957)» It is thus possible that the maximal 
hyperpolarizing effect of Ca addition in the rat is also 
shifted correspondingly to 20 mM-K, causing the 
greatest fall in m.e.p.p. frequency to occur at that 
[k ]. Unfortunately it was impossible to examine the 
effects of Ca on m.e.p.p. frequency at j_K] potassium 
concentrations exceeding 20 mM because of the very 
high frequencies encountered.
However, m.e.p.p. frequency was recorded from 
diaphragms at 3 to 8 mins after the bathing K was 
increased in the range of 10 to 50 mM (Fig. 3*6,
Section 3 )* These experiments were performed in both 
2 mM (Fig. 3*6, open circles) and 4 mM (Fig. 3*6, 
closed circles) - Ca. The K-effect was very similar 
in both calcium concentrations and no evidence could 
be found for an increasing * inhibitory1 action of Ca as 
K was increased from 20 to 50 mM. These results indicate 
that the maximal •inhibitory1 effect of Ca may indeed 
occur at about 20 mM-K. Although barium ions (Ba) would 
also be expected to hyperpolarize the terminals (Nishi 
and Soeda, 1964), no •inhibitory1 action of Ba on m.e.p.p.
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frequency was found by Elmqvist and Feldman, (1966).
This may be explained by a specific acceleration of 
m.e.p.p. frequency in high barium concentration [Ba] 
(Hubbard, 1961), which masked an ’inhibitory’ effect 
due to motor terminal hyperpolarization. It is thus 
unnecessary to assume ’substrate inhibition* of release 
by Ca (Gage and Quastei, 1966), and the specific effects 
of K on the kinetic system proposed in Section 2 would 
seem to be of minor importance.
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SECTION 5
The Effects of Osmotic Pressure Changes on Spontaneous 
and Evoked Transmitter Release.
Introduction
The hypothesis that release of transmitter by nerve 
impulses is brought about by a momentary acceleration 
of spontaneous release (Liley, 1956c; Katz, 1962) has 
laboured under an obstacle. This is that in vitro 
variations of up to 25 per cent of the osmotic pressure 
of the solution bathing the preparation affect miniature 
end-plate potential (m.e.p.p.) frequencies but not the 
amount of transmitter released by nerve impulses and 
measured as end-plate potential (e.p.p.) quantal 
content (Fatt & Katz, 1952; Furshpan, 1956; Gage & 
Hubbard, 1966b). Again, large increases in osmotic 
pressure are reported to increase m.e.p.p. frequency 
but block neuromuscular transmission (Thesleff, 1959» 
Hubbard, Jones & Landau, 1967 ) . In addition to this 
discrepancy between the effects of osmotic pressure 
changes upon m.e.p.p. frequency and e.p.p. quantal 
content,the even more important and puzzling problem - 
how do osmotic pressure changes affect release - remains
unanswered.
Frequency
INCREASED O SM O TIC PRESSURECONTROL
Fig. 5.i Time course of the effect of increased 
osmotic pressure upon m.e.p.p. frequency. The results 
of three different experiments are shown. In each a 
preparation was exposed successively to the control 
solution (325 m-osmoles/l) and then (vertical dotted 
line) to a solution which was hyperosmotic. In the 
experiment shown by filled squares the final osmotic 
pressure was 600 rn-osmo 1 es/l , and in the experiments 
indicated by open circles and filled circles the final 
osmotic pressures were 500 and -400 rn-osmoles/l 
respectively. The points representing mean m.e.p.p. 
frequencies are placed in the centre of the time 
interval (horizontal lines) during which the individual 
m.e-p.p. frequencies were sampled. The increases in 
osmolarity were obtained by the addition of appropriate 
amounts of NaCl. Note the logarithmic scale of the 
ordinate.
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In order to gain insight into these two problems,
I measured m.e.p.p. frequency and e.p.p. quantal 
content at neuromuscular junctions in rat diaphragm 
phrenic nerve preparations in vitro using bathing 
solutions with a wide range of osmotic pressures.
The relationship of release of transmitter by osmotic 
pressure changes to release by nerve impulses was 
explored by repeating the experiments using preparations 
exposed to varying Ca and Mg concentrations in the 
bathing medium and with various levels of polarization 
of the nerve terminals.
Results
M.e.p.p. frequency
NaCl and Sucrose Over the range 200-700 m-osmoles/l, 
gradients of osmotic pressure exceeding 75 m-osmoles/l 
produced an increase in m.e.p.p. frequency which was 
maximal within the first 8 minutes of exposure to the 
gradient, and sometimes even within the first 3 minutes, 
and then declined, at first rapidly, then more slowly 
- the frequency still being above the control level 
after one hour. Fig. 5*1 (closed squares) illustrates 
one example of this effect in a preparation exposed 
successively to the normal solution (325 m-osmoles/l) 
and to a solution made hyperosmotic (600 m-osmoles/l)
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by NaCl addition. It can be seen that the maximal 
frequency was found after 3-8 minutes and the frequency 
thereafter declined rapidly. Similar but smaller 
effects were found in two other preparations upon 
exposure to solutions containing 5 0 0 m-osmoles/l (Fig.5» 
1, open circles) and 400 m-osmoles/l (Fig. 5*1, closed 
circles). Similar results were obtained when 
addition of sucrose, lactose or mannitol, or of NaCl, 
was employed to increase the bathing osmolarity.
When the osmolarity gradients were small, m .e .p .p . 
frequency increased rapidly but did not then decline 
significantly. In one experiment the osmotic pressure 
of the bathing solution was raised from 3 2 5 m-osmoles/l 
to 3 8 0 m-osmoles/l by the addition of sucrose. M.e.p.p. 
frequency increased from (mean - S.E.) 1.12/sec (l.88; 
O.6 7 ) to 2.22/sec (3*5^5 1.39) within 3 minutes. This 
frequency was then maintained, being 2 .2 3 /sec (3 *9 3 ; 
1.25) after 2 hours. A similar time course was obtained 
when the osmolarity was raised from 3 2 5 m-osmoles/l to 
3 8O m-osmoles/l.
The frequency changes were reversible. Fig. 5*2 
shows an experiment in which the bathing osmolarity was 
increased from 200 m-osmoles/l to 5 0 0 m-osmoles/l by 
the addition of sucrose (first dashed line), and after
200 500 20 0
Fig. 5*2 The reversibility of the osmotic effect 
upon m.e.p.p. frequency. A preparation was exposed 
successively to a control solution (,200 m-osmoles/l) 
then (first vertical doited line) to a solution made 
hyperosmotic ("300 m-osmoles/l) by the addition of 
sucrose and finally (second vertical dotted line) 
again to the control solution. The points representing 
the mean m.e.p.p. frequencies are placed as described 
for Fig. 1 and the ordinate similarly has a 
logaritlimic scale.
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an hour was again reduced to 200 m-osmoles/l (second 
dashed line). When the osmolarity of the bathing 
solution was increased m.e.p.p. frequency rose to a 
peak within the first 8 minutes and then started 
declining. When after an hour the bathing osmolarliry 
was reduced, m.e.p .p . frequency fell below the pre-test 
level and returned to this level only after a further 
40 minutes. This rapid fall in frequency to a level 
below the pre-test level upon removal of the osmotic 
gradient was seen in 6 of 10 similarly treated 
preparations. As in the experiment shown in Fig. 2 
this depression of frequency occurred within 10 min 
of the return to the control solution.
The frequency changes were also repeatable. In the 
experiment shown in Fig. 5*3 the osmolarity of the 
bathing solution was increased from 330 to 600 
m-os:moles/l by addition of NaCl, the mean m.e.p.p. 
frequency rose from 1.10/sec (2.02, 0.59) to 30.5/sec 
(75.9, 12.3)) within 11 min. The initial frequency
was thus multiplied approximately 28 times. The 
frequency then declined over the next hour as in the 
experiments illustrated in Figs.5*1 and 5 .2. The osmolarity 
of the bathing solution was then reduced to 330 
m-osmoles/l. This resulted in a prompt fall of m.e.p.p.
d d a
F requency
600 m osmoles600 m osmoles
Fig. 5*3 The reproducible effect of exposure to 
hyperosmotic solutions. In the experiment illustrated 
the preparation was exposed successively to the 
control solution (osmotic pressure 330 m-osmoles), a 
solution with an osmotic pressure of 600 m-osmoles, the 
control solution, and then again the hyperosmotic 
solution. The points representing mean m.e.p.p. 
frequency are placed as in Fig.5*1. The vertical 
dashed lines indicate the time of changes in the 
bathing solution. The increases in osmolarity were 
obtained by appropriate additions of sucrose. Note 
the logarithmic scale of the ordinates.
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frequency to below control level, as in the experiment 
shown in Fig. 5*2. After a further hour the osmotic 
pressure of the bathing solution was again increased 
to 600 m-osmoles/l. The mean frequency now rose 
within 8 min from 0.48/sec (0.95> 0.24) to 13.5/sec 
(38.3» 4.8), again a multiplication factor (13*5/0*48) 
of 28, despite the lower frequency in the control 
solution. Furshpan (1956) similarly reported that 
increases in osmotic pressure tend to multiply rather 
than add to the basic frequency of m.e.p.p.s.
Glycerol Mean e.p.p. frequency rose from a control 
level of 2.4l/sec (5-28, 1.10) (325 m-osmoles/l) to
4.24/sec (8.83, 2.03) within 8 min after changing to 
a solution made hyperosmotic (600 m-osmoles/l) by 
addition of glycerol, and then started declining, 
reaching the control level within 30 min.
Quantitative effects When a quantitative examination 
of the relationship between osmotic pressure and m.e.p.p. 
frequency was attempted, I was confronted by the 
complicated time course of the osmotic effect. What 
point on the time course best represented the effect 
of osmolarity changes on m.e.p.p. frequency?
As no clear explanation of this time course was 
available, it was decided to concentrate on two of its
v O ■
0 600 
milliosmoles/l
OSMOTIC GRADIENT
Fig. The multiplying effect of osmotic gradients
on m.e.p.p. frequency in solutions of different ionic 
composition. The results of sixty different experiments 
are shown. Ordinate: the ratio of mean m.e.p.p.
frequency, (sampled over a period of 3-8 minutes after 
increasing bathing osmolarity) to control m.e.p.p. 
frequency. Note logarithmic scale. Abscissa: The
difference between the test and control osmolarities 
expressed in m-osmoles/l. Open symbols; A control 
osmolarity of 325 m-osmoles/l. When the gradient 
exceeded 200 m-osmoles/l, TTX in a concentration of 
1 y/ml was added to the control solution. Closed 
symbols: A control osmolarity of 200 m-osmoles/l,
obtained by reducing the concentration of NaCl in the 
bathing solution. All solutions contained 0.02 y/ml TTX. 
In the experiment denoted by "1" control osmolarity 
was increased from 200 to 500 m-osmoles/l by the 
addition of sucrose. In the experiment denoted by "2" 
control osmolarity was similarly increased to 400 
m-osmoles/l.
Circles (closed and open) denote normal [Caj and [MgJ. 
Squares (closed and open) dentoe a [Ca] of < 10“5m  and 
[Mg] of 10-3 to 10~5m
Triangles (closed and open) dentoe a [Mg] of 12.5 mM 
and normal [Ca].
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aspects: (i) the peak of the osmotic effect, 3-8
minutes after increasing the osmolarity of the 
bathing solution, and (ii) the final m.e.p.p. frequency 
level, attained after the preparation had been exposed 
to a solution with a modified osmotic pressure for 
more than an hour.
The early effect
When the early effects of changes in bathing 
osmolarity were examined over the range 200-700 
m-osmoles/l, it was found that m.e.p.p. frequency 
was multiplied by approximately the same factor upon 
exposure to the same osmotic gradient, irrespective 
of whether the control osmolarity was 200 (Fig. 5*4, 
closed circles), 325 (Fig. 5*4, open circles), ^00 
(Fig. 5.4, point ,,2") or 300 m-osmoles/l (Fig. 5*4, 
point "l"). It was also observed that osmotic 
gradients greater than 300 m-osmoles/l did not further 
mutliply m.e.p.p. frequency. This effect was again 
independent of the control osmolarity. Gradients 
smaller than 300 m-osmoles/l had an exponential 
relationship with the m.e.p.p. frequency multiplication 
factor.
Variation of Ca and Mg It was desirable to repeat 
the observations of Fig. 5*4 (open and closed circles) 
in the presence of a low [Ca] or high [Mg] firstly,
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because it has been suggested that only Ca-independent 
spontaneous release is affected by osmotic pressure 
changes (Hubbard, 196l) and secondly, because if 
osmotic pressure changes do affect release under 
these conditions it is unlikely that the mechanism 
of osmotic action involves polarization changes of 
the terminals (del Castillo & Katz, 195^c > Liley, 1956c).
The open squares in Fig. 5*^ represent the effect
of osmotic gradients on peak m.e.p.p. frequency
r 1 - 5obtained in the presence of |_CaJ of 10 M or less, 
the control osmolarity being 325 m-osmoles/l. The 
closed squares in Fig. 5*^ + represent similar experiments 
for a control osmolarity of 200 m-osmoles/l. The 
osmotic effect here is similar to that found in 
normal [Ca] and [Mg] despite the finding that in this 
[CaJ range m.e.p.p. frequency is independent of the 
bathing [Ca] (Hubbard et al. 1968a).
Further indication that all forms of spontaneous 
release are multiplied equally by the early effect of 
osmotic pressure is provided by the open (control 
osmolarity 360 m-osmoles/l) and closed (control 
osmolarity 230 m-osmoles/l) triangles in Fig. 5*^> 
which represent the effect of osmotic pressure gradients 
in the presence of 12.5 mM-Mg and normal (2mM) [Ca ].
f A f B
t—  O - i
minmin
Fig. 5*5 The effect of osmotic pressure changes on 
m.e.p.p. frequency in the presence of 12*5 mM MgCl0 
(a ) and of 1.0 mM EGTA, free [ Ca j being 10 “7 rnM (b). 
Both in A and in B the osmolarity was increased at 
the vertical dashed line to 600 m-osmoles by addition 
of sucrose.
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The results are complemented by those of Furshpan 
(1956) who, over a smaller range,reported that the 
basic frequency at individual junctions was multiplied 
to the same degree by the same change in osmotic 
pressure in solutions with various Ca and Mg 
concentrations. As shown in Fig. 5*5 the time course 
of the m.e.p.p. frequency changes provoked by exposure 
to solutions made hyperosmotic by NaCl or sucrose 
(Fig. 5.1) was not affected by concomitant raising of 
the bathing [Mg] to 12.5 mM,or lowering of the bathing 
[Caj to 10 JM or less.
The effect of temperature At 34°C, 3-8 minutes after
the bathing osmolarity had been raised from 200 to 600 
m-osmoles/l, the basic frequency was multiplied by a 
factor of 67*9 - 14« 4 (mean and S.E. of five 
experiments). In 23°C the factor was found to be 34.4 
(one experiment) and in 11°C the factor was 14.8 (one 
experiment). The early effect of osmolarity is thus 
temperature dependent, with a Q.^ of 1.95*
The time course of the osmotic effect was not 
appreciably affected by changes in temperature, m.e.p.p. 
frequency at 34°C being reduced to half of the peak value 
within 15*8 - 2.6 min (mean and S.E. of five
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experiments), whereas the comparable value for both 
23°C and 11°C was 19 min.
Ionic strength In the present investigation NaCl 
and sucrose added to bathing solutions in equi-osmotic 
amounts had the same effect upon m.e.p.p. frequency. 
The large dotted circles in Fig. 5*^ - show the effect 
upon peak m.e.p.p. frequency of solutions in which the 
osmotic pressure was raised by NaCl addition (control 
osmolarity: 325 m-osmoles/l). Over the range the
effects appear the same as those of sucrose addition. 
Furshpan (1956)» working over a smaller range at the 
frog nerve-muscle junction (gradients of 50--60 
m-osmoles/l), found the same equivalence of NaCl and 
sucrose. Since the frequency changes produced by NaCl 
and sugars were similar, it appears that the ionic 
strength of bathing solutions is not an important 
determinant of m.e.p.p. frequency in this range.
The late effect
It was assumed that the final steady frequency 
recorded from junctions equilibrated in solutions with 
any given osmolarity was a function only of this 
osmolarity, being independent of the osmolarity of any 
previous bathing solution. The relationship between
100
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500 600
mi l l i osmol es / l
Fig. 5*6 The relationship between m.e.p.p. Frequency
and osmotic pressure in preparations equilibrated For
two hours in the test solutions. Ordinate: m.e.p.p.
Frequency. Note logarithmic scale Each point
represents the average Frequency at 50 to 200 junctions
recorded in one to Four diaphragms. The vertical bars
represent - 1 S.E. oF the mean. Osmolarity was varied
in the range oF 325 to 600 m-osmoles/l (Full lines)
by the addition oF sucrose. In the range oF 200 to
325 m-osmoles/l (broken lines) the osmolarity was
varied by the reduction oF the NaCl coneentration oF/)
the bathing solution. Closed circles: normal [CaJ u X .
and /  mg], open circles: [CaJ < 10“^M and | MgJ 10” ^ to
10~^M . Closed squares: [ Mg ] 12.5 rnM and [_CaJ 2 m M .
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the final steady state and the bathing osmolarity was 
therefore assessed in preparations which had been 
equilibrated in solutions of various osmotic pressures 
for two hours without first recording in a control 
solution.
Fig. 5*6 shows the mean m.e.p.p. frequency 
recorded from 50 to 200 junctions from one or more 
(usually two) preparations after two hours in solutions 
with various o smolarities, and either 2 mM-CaCl0 and 
1 mM-MgCl0 (open circles) or a [Ca] of 10 or less 
(closed circles) or a [Mg] of 12.5 mM (closed squares). 
Mean m.e.p.p. frequency increased with increasing 
hypertonicity of the bathing solution up to about 500 
m-osmoles/l. Little further effect occurred upon 
raising the osmotic pressure to 600 m-osmoles/l. It 
will be noted that in the 325-600 range of osmolarities 
the sensitivity of m.e.p.p. frequency to increasing 
osmotic pressure was markedly decreased in the presence 
of 2mM Ca or an increased [Mg]. The mechanism 
operating at this phase of the time course was thus 
different from the mechanism producing the early 
osmotic effects.
When the osmolarity was reduced below 325 
m-osmoles/l by removal of NaCl, in the presence of low
l6o
[Caj, m.e.p.p. frequency decreased appreciably (Fig. 
5*6, closed circles). No similar reduction of m.e.p.p. 
frequency was observed in the presence of high [Mg] 
and normal [ Ca] (Fig. 5*6, closed squares) or in 
normal [Ca | and [Mgj, (Fig. 5*6, open circles). This 
difference may be due to an interaction of Na and Ca 
and Mg, for Gage and Quastel (1966) also reported 
that m.e.p.p. frequency was accelerated upon removal 
of NaCl, and this effect was potentiated if there 
was a concomitant increase in bathing [Mg].
Quantal content (m)
As previously reported for the rat and frog 
neuromuscular junction (Gage & Hubbard, 1966b;
Furshpan, 1956),small increases in osmotic pressure 
were without significant effect on m. For instance 
in the control solution in curarized preparations 
m i l  S.E. was 201 -  44 (n=l4), and after 2 hours 
equilibration in solutions with the osmotic pressure 
increased to 400 m-osmoles/l it was 214 -  36.0 (n=5), 
a slight but not significant increase.
Increasing the osmolarity of bathing solutions to 
500 m-osmoles/l or more did however increase m. One 
indication of this effect was a transient decurarizing 
effect of hyperosmotic solutions. For instance one
m Con
10 msec
1 min
10 min
Fig. 5-7 Time course of the effect of increased 
osmotic pressure upon e.p.p. quantal content (a ) and 
quantal size (ß). The ordinate in A shows mean no. 
of quanta (m) and in B quantal size (q) in microvolts. 
Quantal size was obtained by analysis of variance of 
the last 20 e.p.p. amplitudes in trains of 40 e.p.p.s 
evoked at 100/sec at various times before and after 
increasing the osmolarity of the bathing solution to 
500 milliosmoles. (A and B vertical dashed lines).
The quantal content was obtained by dividing the size 
of the first e.p.p. in each tetanic train by the mean 
of all q estimates. (B, horizontal dashed line). The 
first 10 e.p.p.s in 3 sample trains are shown in C-E.
C shows a control train whereas D and E are tetanic 
trains elicited at 1 and 10 min after change over.
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lightly curarized preparation, which did not contract 
upon nerve stimulation in the control solution, did 
contract 5 min after increasing the osmolarity of the 
bathing solution to 500 milliosmoles. This 
decurarizing action lasted for about 4 min and then 
ceased. Proof that this decuararizing effect was due 
to an increase in m came from experiments in which m 
was followed at a single junction while the osmolarity 
of the bathing solution was increased from 328 to 
500 milliosmoles (Fig. 5*7)* In the experiment 
illustrated in Fig. 5*7 the nerve was stimulated once 
every minute with 40 supramaximal stimuli at 100/sec, 
so that both m and quantal size (q) could be determined. 
As Fig. 5.7C-E shows, e.p.p. amplitudes increased from 
the control level (Fig. 5•70) by some 20 - 30 per cent 
(Fig. 5*7D)after 1 min exposure to the hyperosmotic 
solution. After 10 min exposure e.p.p. amplitudes had 
fallen well below the control level (Fig. 5*7E)*
As Figs. 5.7A and B indicate, both the initial 
increase in amplitude and the later decline in 
amplitude of the first e.p.p. of the train were 
due to changes in m (Fig. 5»7A). Similarly the 
amplitude changes of later e.p.p.s in the tetanic 
train could be attributed to changes in m. There were
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no significant changes in q, the mean quantal size 
(Fig. 5.7JB) , indicating that post synaptic factors 
did not contribute to the observed changes in e.p.p. 
amplitude. Further evidence that the changes in 
amplitude were of presynaptic origin was obtained from 
three experiments with preparations in which 
neuromuscular transmission was blocked by raising 
the i Mg] of the bathing medium or lowering the [Ca] 
and raising the [Mg]. The time course and magnitude 
of the effects was very similar to those shown in Fig. 
5A,except for one experiment in which transmission 
was blocked with 0.2 mM-CaCl^ and 2 . In this
experiment the increase in m was larger (from 0.1 to 
0.5) and lasted longer (15 min.).
In view of the fact that solutions which have an 
osmotic pressure 2-3 times the osmotic pressure of 
Lileys (1956a) solution have been found to block 
neuromuscular transmission in rats (Thesleff, 1959» 
Lilleheil & Naess, 196l), it appeared likely that the 
reduction in quantal content observed after 10 min 
exposure to a solution with an osmotic pressure of 
500 m-osmo.les/1 (Fig. 5*7A) might be more severe if the 
exposure was prolonged. It was found indeed that, after 
2 hours exposure of curarized preparations to
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solutions made hyperosmotic by sucrose addition, m 
was greatly reduced. The values of m (- 1S.E.) were 65 
- 12 (n=8) at 500 m-osmoles/1 and 52 - 22 (n=7) at 600
m-osmoles/1. When non-curarized preparations were 
exposed for 2 hours to a solution made hyperosmotic 
(600 m-osmoles/1) by the addition of sucrose, 
neuromuscular transmission was also blocked. The 
size of the e.p.p.s recorded was 3 to 7 mV.
Occasionally junctions could be found where the 
e.p.p.s triggered muscle action potentials. However, 
as previously reported for frog muscle fibres under 
these conditions, no muscle contractions were 
observed (Hodgkin & Horowitz, 1957, Howarth, 1958).
In one such preparation m was found to be 3 1 - 9  
(n=7), which was not significantly different (P > 0.1, 
t test) from the result obtained in a curarized 
preparation at the same osmotic pressure. Thesleff's 
(1959) suggestion that the hyperosmotic block of 
neuromuscular transmission is presynaptic in origin 
was thus confirmed.
Comparison of effects upon m.e.p.p. frequency 
and e.p.p. quantal content 
Two differences between the effects of osmotic
pressure upon the frequency of m.e.p.p.s and quantal
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content of e.p.p.s were immediately apparent. Firstly,
although osmotic pressure increased m (Fig. 5*7) > this
increase was less than that found for m.e.p.p. frequency
in comparable osmotic pressures. The value of m was increased
1.25 to 5 times when the osmotic pressure was increased to
500 milliosmoles, 3 out of 4 experiments yielding
results nearer 1.25 times, whereas m.e.p.p. frequency
was increased about 10 times (Fig. 5*1)• Secondly,
although both m.e.p.p. frequency and m decreased after
an initial increase, in response to an increase in
osmotic pressure, m fell well below the control
level (Fig. 5*7) whereas the m.e.p.p. frequency
remained higher than the control frequency. These
differences would be plausibly explained by the fact
that in the one case (m) the effect of osmolarity is
measured concomitantly with a membrane depolarization,
and in the other (m.e.p.p. frequency) the terminal
membrane potential remains at the resting level. If
this was the cause then it should be possible to make
the effect of increasing the osmotic pressure
comparable for m.e.p.p.s and e.p.p.s by depolarising
the terminals while assaying the effect of osmolarity
upon m.e.p.p. frequency.
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Fig. 5*8 the relationship between mean m.e.p.p. 
frequency and the osmotic pressure of the bathing 
solution in depolarized preparations The points 
(- 1 S.E.) indicate the mean m.e.p.p. frequency 
obtained 3-8 mins after exposing the preparation to 
a test solution containing 30 mM KC1 and the indicated 
osmotic pressure. Full line: a linear regression
fitted to the points.
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Fig. 5*8 shows the effect of osmotic pressure 
changes upon frequency in a solution containing 30 
mM-KCl. In such solutions the nerve terminals are 
depolarised (Hubbard, Schmidt & Yokota, 1965)» and. the 
m.e.p.p. frequency accelerated (Liley, 1956c). The 
points in Fig. 5*8 represent the mean frequency 
changes found 3-8 min after changing from a 
solution with 5 mM-KCl and an osmotic pressure of 
328 m-osmoles/l to solutions with 30 mM-KCl and the 
indicated osmotic pressures, obtained by sucrose 
addition. The regression fitted to these points is 
practically flat, indicating that the effects of 
osmolarity are abolished at this level of depolarization 
which is presumably smaller than the levels of 
depolarization attained during an action potential. It 
would thus seem likely that depolarization occludes 
the transmitter releasing effects of osmotic pressure.
The full time course of the effect of increasing 
osmotic pressure upon m.e.p.p. frequency in the presence 
of terminal depolarization (Fig. 5*9) indicated that 
the expected initial increase in frequency (Fig. 5*l) 
is reduced, and that the later decline in frequency is 
to subnormal levels. In the experiment illustrated in 
Fig. 5.9A (open circles), a preparation was equilibrated
Fig* 5*9 The effect of an increased osmotic pressure 
upon m.e.p.p. frequency in 20 mM KC1. The results 
of two experiments are shown. In one (A open circles) 
a preparation equilibrated for 2 hours in a solution 
containing 20 mM KC1 was exposed to a similar test 
solution in which the osmolarity was increased (first 
dashed vertical line) to 600 m-osmoles/l by the 
addition of NaCl. The second dashed vertical line 
indicates the time at which the preparation was 
returned to the control solution.
B-D shows sample records from this experiment taken 
at the indicated times. The m.e.p.p.s have been 
retouched.
A, closed circles, shows an identical experiment save 
that the osmolarity of the bathing solution was 
increased by the addition of glycerol instead of 
NaCl. The points representing mean m.e.p.p. frequency 
are placed as described for Fig.5*l>
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for 2 hours in 20 mM-KCl and then exposed to a solution 
made hyperosmotic (600 milliosmoles) with added NaCl.
It can be seen that the mean m.e.p.p. frequency 
increased only about 1.5 times in the first 8 min, and 
then fell to about 5 per cent of the control level 
within 30 min. This resembles closely the effect of 
a similar osmotic pressure change on m (Pig. 5*6).
As Fig. 5*9 shows the frequency changes were completely 
reversible, and were entirely pre-synaptic as m.e.p.p.s 
could be observed without difficulty during the whole 
of the experiment (Fig. 5*9B,C,D). The mean m.e.p.p. 
amplitude (- S.E.) (corrected for R.P.) in 10 junctions 
in the control solution was 0.39 - 0.04 mM,and in 11 
units 38-45 min after change-over it was 0.42 - 0.06 mV 
with an identical amplitude distribution. Moreover, 
there was no significant change in muscle fibre 
membrane potentials, the mean potential of both groups 
being 46 mV. These results are at variance with those 
of Liley (1956a), who reported a 40 per cent decrease 
of m.e.p.p. amplitude upon exposing similar preparations 
to a bathing osmolarity of 375 m-osmoles/l. I have 
no explanation for this discrepancy.
A similar effect upon m.e.p.p. frequency was 
obtained when sucrose was used instead of NaCl to
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increase osmolarity. In contrast, when glycerol, 
which is thought to permeate membranes (Heilbrunn, 1952; 
Furshpan, 1956; Freeman, Reuben, Brandt and Grundfest, 
1966),was employed in an otherwise identical 
experiment (Fig. 5*9A, filled circles), only a slight 
transient decrease in m.e.p.p. frequency could be 
seen. This observation indicates strongly that the 
reduction of frequency is not caused by penetration 
of the added solute into the terminals.
It should be noted that m.e.p.p. frequency was 
reduced much more effectively by a hyperosmotic 
solution in. a depolarised preparation than the 
quantal content of e.p.p.s was reduced after exposure 
to the same solution. Thus, in the experiment 
illustrated in Fig. 5 • 9-A (open circles), the m.e.p.p. 
frequency fell to about 5 per cent of control level 
within 30 min of the preparation being exposed to a 
test solution with an osmotic pressure of 600 m-osmole^L. 
The depression of evoked release after the preparation 
was subjected to the same bathing osmolarity for 2 hours 
was much less, being only about 30 per cent of control. 
This discrepancy could perhaps be explained by assuming 
the concentration of intracellular K in the nerve 
terminals to increase in hyperosmotic solutions, as it
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does in frog muscle (Adrian 1956). If this were the 
case then m.e.p.p. frequency might be reduced due to 
hyperpolarization of the nerve terminal membrane 
(Liley, 1956c), whereas evoked release would be 
enhanced by the same factor (Hubbard and Willis, 1962). 
Unfortunately there is no assurance that mammalian 
excitable tissues respond in the same way as frog 
muscle. The membrane potential of muscle cells in 
the present preparation did not increase in hyperosmotic 
solutions, so that the applicability of the observations of 
Adrain (1956) to the present situation must await 
further investigation.
Discussion
A long-standing bar to complete acceptance of the 
hypothesis that quantal release by nerve impulses is 
an acceleration of the otherwise spontaneous release 
(Liley, 1956c) is removed with the discovery that 
depolarization of terminals converts the m.e.p.p. 
frequency response to hyperosmotic solutions into the 
same qualitative form as the behaviour of e.p.p. quantal 
content under the same hyperosmotic conditions (Figs.
5.7, 5-8 and 5.9).
The present results are less palatable in that they 
indicate that the effect of osmotic pressure changes is
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more complicated than was initially thought. It appears 
that while exposure to hyperosmotic solutions initially 
increases release, prolonged exposure decreases 
transmitter release (Figs. 5*1> 5*2, 5*7 and 5*9)* It 
might be thought that the decrease in m.e.p.p. 
frequency which follows the initial acceleration upon 
exposure to hyperosmotic solutions (Fig. 5*l) was due 
to passage of the NaCl or sucrose into the terminals, 
and the consequent disappearance of the hypertonicity. 
Nerves of frog, squid, and crab are however 
consistently shrunken by solutions made hypertonic to 
the same degree as in the present experiments by added 
NaCl or sucrose,and show no signs of NaCl or sucrose 
entry (Robertson, 1957; Freeman et al, 1966). This 
view would then, involve the additional postulate 
that mammalian nerves differed from amphibian, crustacean 
and mulluscan nerves in that they did become permeable 
to NaCl and sucrose under the conditions of these 
experiments. The finding, that upon exposure to 
hyperosmotic solutions in the presence of 20 mM-KCl 
m.e.p.p. frequency after an initial increase actually 
fell well below the pre-exposure level (Fig. 5»9), 
indicates that this simple view of a permeability 
increase to NaCl and sucrose cannot be maintained. It
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is also obvious that the effects of osmolarity changes 
are not produced by changes in nerve terminal 
polarization, as witness the great similarity between 
the osmotic effects obtained in the normal solution 
with the effects found in solutions with a low [Ca] 
and a high [Mg] (Fig. 5*^) which block the effects 
of polarization changes on transmitter release from 
motor nerve terminals (Liley, 1956c; del Castillo & 
Katz, 1954c).
Consideration of the water movements, and the 
attendant changes in nerve terminal volume occasioned 
by osmotic pressure differences, could provide some 
insight into the complex time course of the osmotic 
effects. For example, it may be that these volume 
changes are complete within the change-over time of 
the bath, and the peak increase in m.e.p.p. frequency 
is due to the increased concentration of a substance 
or substances active in release.
However, weight or volume changes after rapid 
alterations in bathing osmolarity take 30-60 mins for 
completion in frog and crab nerves (Shapiro, 1966; 
Freeman et al., 1966). Even the faster time course
of 5 min reported for isolated squid giant axons (Hill, 
1950; Freeman et al., 1966) would appear too slow to
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support this explanation strongly, bearing in mind the 
extra time required for equilibration of a new solution 
with the diaphragm. Indeed these time courses suggest 
an alternative possibility: that the early increases
in m.e.p.p. frequency may be related to, and concurrent 
with, the outward flow of water through the nerve 
terminal membrane. This flow should reach a peak 
immediately after the exposure of the preparation to 
a hyperosmotic solution, and would then decline as the 
volume of the terminals and the osmotic gradient 
decreased. This flow of water could reduce a hydration 
barrier preventing synaptic vesicles from making 
contact with the nerve terminal membrane and so 
discharging their contents. (Bass & Moore 1966) In 
their original theory Bass and Moore (1966) assumed 
the hydration barrier to coincide in space with an 
electrical barrier produced by and proportional to the 
nerve ending membrane potential. It follows from this 
that the effects of nerve terminal depolarization and 
dehydration should be simply multiplicative. On the 
other hand, the occlusion of the effect of osmolarity 
by depolarization found in the present study could be 
explained if these two barriers were not fully 
superposed. (Bass, personal communication) The present
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flow hypothesis would also predict the observed 
reduction of m.e.p.p. frequency below the pretest 
level when the bathing osmolarity is returned from an 
increased to the control oxmolarity (Fig. 5*2), for 
a reversed, inward, water flow through the nerve 
terminal membrane would be expected in these 
circumstances. The final steady state of transmitter 
release, when water flow has ceased, will presumably 
then be determined by the new equilibrium state of 
the nerve terminals. In this equilibrium state the 
bathing [Ca] and [Mg] do influence the rate of 
transmitter release (Fig. 5.6). It has been suggested 
that depolarization of nerve terminals enhances 
transmitter release by increasing the activity of 
a membrane receptor bearing a number of Ca molecules 
(Hubbard et al. 1967, 1968 a,b; Dodge & Rahamimoff,
1967a, b). If hyperosmotic solutions were to reduce the 
binding of Ca to this receptor,the reduction in 
transmitter release by nerve impulses (Fig. 5*7) and by 
K-induced depolarization (Fig. 5*9) produced by 
exposure to such solutions would then be explained.
Two observations remain unexplained. Firstly, there 
is no simple reason for the failure of gradients 
exceeding 300 m-osmoles/l to further increase m.e.p.p.
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frequency (Fig. 5*^)> although some saturation effect 
is not difficult to imagine. Secondly, the high 
positive temperature coefficient of the early osmotic 
effect is a strong indication that a more complicated 
mechanism may be involved. These observations do not 
rule out the hypothesis proposed here. An exacting 
test would be to determined whether the time course 
of osmotically induced nerve terminal volume changes 
is compatible with the time course of transmitter 
release changes under the same conditions.
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GENERAL DISCUSSION and CONCLUSIONS
The present thesis is concerned mainly with the 
mechanism of transmitter release, rather than with the 
related problems of transmitter synthesis, storage and 
mobilization; or with the no less important question 
of post activation potentiation. The central part of 
the thesis is contained in Section 2 where a kinetic 
model is developed for the action of Ca and Mg on 
release, and in Section 3 where this model is tested 
by examining the effects on release of steady 
presynaptic polarizing currents. Stated briefly, 
the model postulates a hypothetical molecule X in 
the nerve terminal membrane (del Castillo & Katz,
1954a,c) which is active in spontaneous transmitter 
release. This activity is modified when various 
positively charged ions, notably Ca and Mg, combine 
with X. Of the many possible complex species of X 
only one, namely Ca^X, participates also in transmitter 
release evoked by the nerve action potential. Although 
detailed mathematical models of this kind are always 
suspect as being an over-simplified presentation of 
the actual biological system, they nevertheless serve 
as useful means for formulating the biological problems
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in a more quantitative manner. Thus the following 
problems arise out of Sections 2 and 3* First, whether 
the release-depolarization transfer characteristic is 
genuinely exponential (Liley, 1956c; Hagiwara & Tasaki, 
1958; Miledi & Slater, 1966; Katz & Miledi, 1967d;
Bloedel, Gage, Llinas & Quastel, 1967)* The results 
of Section 3 indicate that this is the case. However, 
further experiments extending the range of the observation 
by Katz & Miledi (1967b,c), perhaps by employing a 
statistical approach to measure quantal release, might 
provide a better answer to this fundamental problem.
A closely related question is whether Ca and Mg ions 
affect the ’exponential constant’ of the release- 
depolarization transfer characteristic (Katz, 1966).
The data of Section 3 suggests that the ’exponential 
constant' is unaffected by these ions. Again, more 
experiments are needed before this conclusion can be 
fully accepted. Finally, the meaning of the quantities 
’n ’ and ’p', the available store of quanta and the 
probability of release from it (Elmqvist & Quastel,
1965)> needs further investigation. It would seem 
pertinent to enquire whether it is ’p ’ or ’n ’ which is 
modified by the nerve terminal depolarization, and
SYNAPTIC VESICLES
WATER MOLECULES
PRESYNAPTIC
MEMBRANE
Fig. D.i A diagrammatic representation of a postulated 
model for transmitter release. For details see text.
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whether ’ n’ and ’p* are indeed related in the manner 
of the classical formula (del Castillo & Katz, 1954b)
m = n . p .
(’m* being the mean quantal content).
The answer to these and similar problems may 
provide means of evaluating models for transmitter 
release (Katz & Miledi, 1967d, 1968; Dodge & Rahamimoff, 
1967; Hubbard, Jones & Landau, 1968a,b; Bass & Moore, 
1966, 1968; Kruckenberg & Sandweg, 1968) which will 
probably become increasingly quantitative in future.
It is tempting to engage in some speculation 
about the physical meaning of the model described in 
Sections 2 and 3* If one takes into account the 
growing body of evidence that the influx of Ca ions 
into the motor terminal is a vital link in excitation- 
release coupling (Hodgkin & Keynes, 1957» Katz & Miledi, 
1965c, 1967c»d,e, 1968; Kusano, Livengood & Werman, 1967) 
the present model may be interpreted in the manner of 
Fig. D.l. Here X, on the external surface of the 
presynaptic membrane, combines with Ca++ and other 
positive ions (Me) (Fig. D.l,a). These may include 
Mg++, Sr++ (Miledi, 1966), H+ (cf. Sections 2,4), Na+ 
(Gage & Quastei, 1966; Rahamimoff & Colomo, 1967; Colomo 
& Rahamimoff, 1968), but possibly not K+ (see Section 4).
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The various X species diffuse across the presynaptic 
membrane (Fig. D.l,b,c) but only the diffusion of 
Ca^X (Fig. D.lb) is greatly accelerated by the 
depolarization of the membrane. The exponential 
relationship between release and depolarization suggests, 
in accordance with the ’reaction rate theory’ (Eyring 
& Urry, 1965)» that depolarization reduces a diffusion 
barrier for the entry of Ca^X into the nerve terminals. 
On the inside of the terminal membrane the various X 
complexes are active in breaking down the diffusion 
barriers which prevent the escape of transmitter, 
probably stored in the synaptic vesicles (del Castillo 
& Katz, 1956). The nature of this action is at present 
obscure, but it may involve a fusion of the wall of the 
vesicle with the presynaptic membrane (Birks, Huxley & 
Katz, i960; also cf. Dingle, 1968), in a process similar 
to the reversed micro-pinocytosis suggested by Bennett 
(1956). The interpretation of Fig. D.l incorporates a 
mobile ’carrier’ mechanism like that implicated in 
various transport systems (widdas, 1952; Park, Crofford 
& Kono, 1968). However, an attractive alternative to 
mobile ’carriers’ has been suggested recently (Vidaver,
1966; Stein, 1968). According to this mechanism X 
would be a molecule (protein ?) plugging through the cell
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membrane. In addition, X would have two different 
configurations in equilibrium. In one of these, X would 
bind Ca and other positive ions on the outer surface of 
the membrane and perhaps a synaptic vesicle at the inner 
surface, and in the other configuration it might release 
Ca++ (or other ions) into the inside of the nerve-ending 
and the contents of the vesicle to the outer medium, 
perhaps after some delay (Katz & Miledi, 1965d) . This 
model, based on the allosteric enzyme model of Monod, 
Vynan & Changeaux (1965) has the great attraction 
that it shows how the influx of Ca ions into the 
terminals could be linked to the eviction of ACh quanta. 
However, in view of the present uncertainty concerning 
membrane structure in general (Korn, 1968), further 
speculation would seem unprofitable.
The studies reported in Sections 1 and 5 add 
additional dimensions to the model of Fig, D.l. The 
temperature study of Section 1 indicates that the 
release process is comprised of at least three 
reactions, and thus falsifies over-simplified models 
(Bass & Moore, 1966) which postulate a single ’master’ 
step in release. Of particular interest is the 
negative temperature dependence found for both 
spontaneous and evoked release in the range 20-3 +^°C.
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This fact, coupled with a similar temperature dependence 
of neuromuscular ’facilitation’, suggested an additional 
process (Fig, D.l,e) by which Ca^X is inactivated on the 
inside of the motor terminal membrane, possibly through 
the removal of Ca.
Finally, the studies of Section 5 indicate that an 
outward directed flux of water may greatly enhance 
transmitter release. This could conceivably occur by 
the facilitated approach of synaptic vesicles to the 
nerve terminal membrane (Fig. D.l,d; Bass & Moore,
1966, 1968). In this view release is the outcome of 
the ’collision’ at the inside surface of the membrane 
between two fluxes of opposite direction: the outward
movement of vesicles and the inward movement of the 
complex species of X. The view that the synaptic vesicles 
carry the transmitter quanta (De Robertis & Bennett,
1955; del Castillo & Katz, 1955, 1956; Robertson, 1956; 
Palay, 1956) has recently found strong experimental 
support (Hubbard & Kwanbunbumpen, 1968; Jones & 
Kwanbunbumpen, 1968; Jones & Kwanbunbumpen, 1968). 
Furthermore, there is evidence that the synaptic 
vesicles are positively charged as postulated in the 
theory of Bass & Moore (1966, 1968), (Kwanbunbumpen & 
Landau, unpublished observations). It would be attractive
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to identify the various X complex with *p* (the 
probability of release of quanta) and the vesicles 
with ’ n ’ (the immediately available quantal store), 
and hence mobilization (say, by increased intracellular 
[k ], Section 4, or presynaptic hyperpolarizing currents, 
Section 3) could be depicted as movement of synaptic 
vesicles towards the membrane (Fig. D.l,f). However, 
the finding that presynaptic hyperpolarizing currents 
greatly reduce the number of vesicles near the 
presynaptic membrane (Kwanbunbumpen & Landau, unpublished) 
whereas * n ’ is greatly increased by this procedure 
(Hubbard. & Willis, 1962a, b; Section 3» Fig* 3*2) argues 
strongly against this interpretation of ’ n ’. The 
meaning of 1 n' thus remains obscure. It is clear, 
however, that it need not be a store of quanta in 
particular, but could represent any substrate essential 
for release that is consumed during transmitter release.
The interaction of the positive charge of the 
vesicles with the electrical field of the presynaptic 
membrane implies that depolarization may have an 
additional role to that postulated by the 1Ca 
hypothesis’ (Bass & Moore, 1966, 1968). However, it 
is difficult at present to estimate the importance 
of this factor. Finally, the model incorporates release
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’sites’ (Fig. D.l, heavy vertical bars). The existence 
of such, sites, postulated by del Castillo & Katz (1956), 
is suggested by the uneven distribution of synaptic 
vesicles along the nerve terminal membrane (Andersson- 
Cedergren, 1959; Birks, Huxley & Katz, i960; Barrnett, 
1962; Hubbard & Kwanbunbumpen, 1968), and also by an 
analysis of the statistical properties of spontaneous 
release (Cox & Lewis, 1966; Vere-Jones, 1966; Jones, 
1968a). If the influx of Ca^X occurred only at these 
sites (Fig. l.D,b), whereas the influx of other X 
species (Fig. ID (Me)X,c) was not confined to them, 
this could provide an alternative explanation for 
the occlusion of the effect of osmotic pressure by 
presynaptic depolarization (Section 5)* The reason for 
this is that the ’crowding’ of vesicles near the specific 
release sites would reduce the effectiveness of the 
outward flux of water in 'carrying’ vesicles towards 
the nerve terminal membrane.
The present model is certainly over-simplified 
and will need extension, particularly by examining 
further the time dependence of evoked transmitter 
release (Katz & Miledi, 1967c, 1968). However, it 
raises a few interesting problems and serves to 
demonstrate the degree of complexity of the process
of transmitter release.
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